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Abstract

The research presented herein describes the development of synthetic methods
to one-carbon bridged twisted amides and the study of properties of one-carbon
bridged lactams.

Initial investigations focused on electrostatic cation—t and cation—n
interactions as regiochemistry controlling feature of the intramolecular Schmidt
reaction to provide access to one-carbon bridged amides. In cases where the reactive
conformation of the azidohydrin intermediate is locked, the selectivity of the reaction
depends on the electron density of an aromatic ring oriented in 1,3-diaxial
relationship with regard to the diazonium cation. However, a placement of a
heteroatom in the «-position to the ketone permits the synthesis of otherwise
unsubstituted bridged amides from conformationally flexible ring systems. Also,
described is the development of a general method of synthesis of one-carbon bridged
amides relying on a transannular cyclization strategy.

Next, experiments directed towards investigation of unusual properties of
distorted amides are presented. One-carbon bridged lactams display superior to other
bridged amides levels of hydrolytic stability. These lactams participate in a number of
interesting and potentially useful reactions unknown to traditional amide bonds,
including synthesis of remarkably stable tetrahedral intermediates and a direct
conversion into bridged spiro-epoxyamines. The influence of the amide bond

geometry on reactivity of distorted lactams is also discussed.
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Chapter 1

Introduction

Amide bonds. The amide bond is one of the most fundamental functional
groups in chemistry and biology. Above all, amide bonds provide a linkage between
amino acids in peptides and proteins, which are the key building blocks of life. Amide
bonds also serve as scaffolds allowing molecular association and recognition through
hydrogen bonding, and are vital structural units in a number of synthetic polyamides
and pharmaceuticals.'

The amide bond properties are commonly explained by Pauling resonance
theory introduced almost 70 years ago.” In general, amide bonds can be regarded as a
hybrid of two major resonance canonical structures with ~40% double bond character

of the N—C(O) bond (Figure 1).

Figure 1. Electron delocalization in amides.

The amide bond resonance results in a number of unique properties of amide
bonds, such as: (1) short N-C bonds, (2) high rotational barrier around the N-C(O)
bond of ca. 15-20 kcal/mol, (3) planar geometry in which all six atoms of the amide

bond lie in one plane, (4) resistance of the carbonyl towards nucleophilic attack and



hydrolysis, (5) minimized coordination at nitrogen (manifested in the predominant
protonation of amides at oxygen), and (6) spectroscopic characteristics including
lower C=0 infrared stretching frequencies and more upfield shifts in '>’C NMR as

compared to other carboxylic acid derivatives.'

Distorted amide bonds. Although the importance of the delocalization of &
electrons in amide bonds (with the resulting planarity of amides) is a generally
accepted property, it has been found that not all of the peptidic amide bonds are
perfectly planar.”® In 1968, Ramachandran recognized the need for non-planar
geometry of amide bonds in cyclic peptides.” In 1996, MacArthur and Thornton
carried out a survey of peptide torsion angles in the Cambridge Structural Database,
concluding that flexibility is an important property of amide bonds; for a set of cyclic
and linear peptides a standard deviation of 6° was found (from the ideal value of 180°
for planar bonds).® Subsequent X-ray protein data suggested even larger deviations,
up to 20°.” Even Pauling, by estimating the strain energies for distortion of amide
bonds (0.9 kcal/mol for 10 degree distortion, 3.5 kcal/mol for 20 degree distortion),

alluded to the ability of amide bonds to adopt non-planar geometry (Figure 2).'°

0) Twisting 0
\;l\)]\ —— > N
I

Y

(t =0, £180°) (1= £90°)

(0]

Figure 2. Twisting of the amide bond by rotation around the N-C(O) bond. Note the

accompanying pyramidalization of the nitrogen atom.



An implication of the flexibility of amide bonds is its effect on stability and
reactivity. For example, upon distortion, amide bonds are expected to undergo facile
nucleophilic attack and hydrolysis. This distortion also increases the sp> character and
therefore the basicity of the amide bond nitrogen, so that it is now available for
coordination and protonation. "'

A number of examples exist in which a twist around the N—C(O) bond plays a
critical role in enzymatic catalysis, including enzymatic hydrolysis of amide bonds (a

12-15

vital process for all living organisms) and a family of enzymes catalyzing cis-

trans isomerization of amide bonds (a process crucial to protein folding and

.\ 1618
maturation).

The latter enzymes operate through distortion of amide bonds via a
stabilized twisted transition state, with an intramolecular hydrogen bond engaging the
amidic nitrogen and assisting the isomerization.

Distorted amides are key elements of B-lactam antibiotics. The very selective
acylation of bacterial peptidoglycan transpeptidase by B-lactams (the first effective,
broad-spectrum antibiotics) arises from the fine tuning of the increased reactivity of
moderately distorted amide bonds contained in [-lactam systems. It is worth
mentioning that since the Second World War B-lactams have saved the lives of
millions of people and were the first step towards the elimination of some infectious
diseases from society.'”

In organic chemistry the potential flexibility of amide bonds leads to a number

of fundamental and intriguing questions: What is the distortion barrier that marks the

amide and the keto—amine-like reactivity of amide bonds?*>*® What are the effects of



distortion of amides on their properties? Can distorted amides benefit from the

927-30

border-like reactivity and be used as versatile synthetic intermediates Is it

possible to selectively functionalize distorted amide bonds, and if so, to then translate

these effects into their planar counterparts?’' =

What types of reactivity are yet to be
found in distorted amides? In addition to providing chemists with a better
understanding of amide bonds®® and supplying them with novel synthetic tools,
answering these questions may have significant biological implications. For example,
non-traditional amides could be useful in the design of novel enzyme inhibitors with
new mechanism of action.''

However, the study of effects arising from the distortion of amide bonds is
challenging, and given the prevalence of planar amide bonds, there are very few
examples of their distorted analogues described in the literature. In general, enzymes
enforce deformation of amide bonds by forming stabilized enzyme-substrate
complexes. Of course, this type of intermolecular steric interaction cannot be utilized
for probing strain influence on properties of amide bonds beyond biological systems.

Deformation of amide bonds can be also achieved by intramolecular steric effects,

such as steric repulsion or conformational restriction (Figure 3).>’

&0 o ),
¥ LS| NQL
.i. v -

Figure 3. a) Steric repulsion and b) conformational restriction of amide bonds.



Types of distorted amides. In the steric repulsion approach, the amide bond
is substituted with a relatively large group, so that the C-N(O) bond rotates to avoid
the steric repulsion at the expense of the resonance stabilization. In other words, the
twisted amide bond is more stable than the planar amide bond.*®

In the conformational restriction approach, the amide bond is contained in a
rigid ring system that prohibits the amide bond from adopting its usual planar
geometry. This class of amides is represented by small and medium-bridged cyclic
lactams, which contain nitrogen at the bridgehead position.>**!

To allow for quantitative description of distortion of amide bonds, Winkler
and Dunitz introduced three independent parameters, T (twist angle), Y~
(pyramidalization at nitrogen) and xc (pyramidalization at carbon).** Twist angle
describes the magnitude of rotation around the N—C(O) bond, yn and )¢ define the
tetragonal character of the corresponding atoms. A twist angle of 0° corresponds to a
planar amide bond and of 90° corresponds to fully orthogonal bonds, % and ¢ are 0°
for planar bonds and 60° for fully pyramidalized amide bonds. Since in distorted
amides changes in yc are minimal, this value is often not reported. In addition,
pyramidalization at nitrogen is sometimes quantified by the sum of three bond angles
at nitrogen (for an ideally sp’ hybridized atom 6 = 328.4°, for sp> atom 0 = 360.0°).*

To allow for qualitative description of distorted amides, Yamada has
suggested a useful classification of amide bonds based on twist angle (t) and

pyramidalization at nitrogen (xx) (Scheme 1).”” Type A includes amides with

perpendicularly twisted N—C(O) bonds and virtually non-pyramidalized nitrogen



atoms, for example N-pivaloylphtalimide (T = 83.2°, yx = 14.9°). Type B features
amides with planar N-C(O) bonds and sp> hybridized nitrogen atoms, for example N-
acetylaziridine and the N-acyl-7-azabicyclo[2.2.1]heptanes (T = 18.9°, yx= 39.9° for
the example in Scheme 1). Type C contains amides with perpendicular amide bonds
and pyramidalized nitrogen atoms, for example 2-quinuclidone (T = 90.9° yn =

59.5°).

Scheme 1
Type A Type B Type C
twisted C(O)-N bond planar C(O)-N bond twisted C(O)-N bond
nonpyramidalized, trigonal N pyramidalized N pyramidalized N

(o] Ry R4 0

R4 4 o) N
P 4 RymN—< / Rﬂ‘;%
R, Rs R, 2 R;
o
o )J\N
o
o
7
N
J\K NPh In
o
o o]

Geometrical deformations of amide bonds occur typically by rotation around
the N—C(O) bond (Figure 2). As a result of rotation, the ny—7n* C=0O donation is
progressively removed, and this effect is accompanied by the change of hybridization
at nitrogen.”™* Although much less common, nitrogen inversion can also lead to
geometrical transformations of amide bonds. For example, amides in which nitrogen

is substituted with electronegative atoms (XXN—-CO) exhibit large negative anomeric



effects within the XNX system, leading to pyramidalized amide bonds.*® These
compounds belong to Type B in Yamada’s classification.

Rotation of N—C(O) bond affects bond lengths and spectroscopic properties of
amide bonds. Only a limited number of structurally characterized distorted amides are
available;** however, inspection of their X-ray structures indicates that upon rotation
the length of N—C(O) significantly increases, while the C=0 bond is barely affected.
This tendency is explained by resonance theory, and reflects the change of
pyramidalization at nitrogen from sp” to sp (for examples of bond lengths in planar
and distorted amides see Table 1, page 14).

Infrared C=0 stretching frequencies and carbonyl shifts in ?C NMR spectrum
are very sensitive to changes in the extent of lone pair resonance stabilization of the
amide bond and to changes in the charge density of the carbonyl carbon, respectively.
Due to the reduced resonance contribution from the zwitterionic canonical form,
distorted amides are characterized by increased vc-o values and more downfield
C=0 resonances as compared to traditional amides,*’ typically lying in the range
between isolated ketones and planar amides (examples are provided in Table 19,
Chapter 2).

Other examples of distorted amides arising from geometrical repulsion
include N-acylpyrroles,*™ N-acylthiazolidine-2-thiones,* N-acyl-2,5-dithioglycoluril®
and N-acylamides® (Figure 4). As expected, these compounds are characterized by
unusual amide bonds properties. For example, Evans discovered a family of

remarkably stable tetrahedral intermediates based on N-acylpyrrole scaffold,”* while



Yamada has shown that the increased reactivity of N-thiazolidine-2-thiones depends

on the degree of twist of the amide bond.™

a b c d
R o \ -/ —
SN ==
/N S I S
_ )\N s N“=>N o Me N SePh
Me o / = !
R BnO,C O
o
R=H,1=7.9%n=101° R= tBu, 1=74.3° gy = 29.5° 7= 50.6° yn = 11.9°

R=Me, 7= 40°, 3y =8.3° R= Me, 1 =20.1° gy = 11.9°
71=543" 1=664°
IN=19°  gn=54°

Figure 4. Examples of distorted amides resulting from steric repulsion. a) N-
acylpyrroles, b) N-acylthiazolidine-2-thiones, c¢) 2,5-dithioglycoluril, d) N-

benzyloxycarbonylamide.

Although a steric repulsion approach has been successful in the preparation
and investigation of properties of a number of distorted amides, these compounds
suffer from excessive steric hindrance around the amide bonds, a feature which likely
changes their properties in and of itself.'' Delocalization of nitrogen electrons onto
the aromatic ring in the pyrrole derivatives or the attachment of a second C=0O (or
analogous) group to the amide bond significantly reduces the rotational barrier around
the amide bonds, also influencing their character.’’

In contrast, geometrically restricted amides offer a certain advantage in
determining the influence of rotation on properties of amide bonds. For example,
bridged amides lacking a steric hindrance around the amide bond can readily be

imagined."' Bridged amide scaffolds can also be more easily modified and



diversified, when compared to sterically hindered amides.”* The hurdle prohibiting a
widespread use of bridged amides in chemistry and biology is their lability towards

hydrolysis."?

Synthesis of bridged amides. Chemists have been intrigued by bridged
amides for more than 70 years; the first mention of a bridged lactam dates back to
1938 (the same time as the origin of Pauling’s resonance theory). In that year, Luke$
proposed that incorporating a nitrogen at a bridgehead position in a bicyclic ring
system would result in a violation of Bredt’s rule by the amide zwitterionic resonance
structure.” Being unsuccessful in preparing three bridged amides by cyclizations
(Scheme 2), Luke§ concluded that such amides are “sterically impossible”® and if

they were ever made they would exhibit properties of ketones rather than amides.

Scheme 2
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It is worth noting that despite the commonly invoked analogy of bridged
amides to bridgehead olefins, the major difference between two classes of compounds
is that the diradical formed from a bridgehead olefin violates the octet rule, while the
apolar resonance structure of a bridgehead amide does not (Scheme 3).°%’
Nonetheless, the increased reactivity of bridged amides (leading to hydrolytic

instability and tendency to polymerization) has prevented the successful synthesis and

isolation of some of these compounds to this day.

Scheme 3
ﬂy - ﬂi ;ANYH ﬂ?
o 0o
anti-Bredt olefin anti-Bredt amide

In 1941, R. B. Woodward initiated a research program directed towards the
problem of synthesizing 2-quinuclidone (Figure 5).” Although Woodward was
unsuccessful in this endeavor, the experience gained in the synthesis of anti-Bredt
amides allowed him to point correctly at the structure of penicillins. Sir Robert
Robinson had argued that penicillin antibiotics containing a -lactam bond would be
too reactive to hydrolysis to have an amide bond. However, Woodward, aware that
bridged and related amides can exhibit the reactive properties of more or less isolated

carbonyl groups, predicted exactly the strained -lactam structure.

10
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- _ \)<
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Figure 5. a) Difficulties in cyclization to a bridged amide. b) Ease of synthesis of its

geometrical isomer. ¢) Resonance structures in strained penicillin antibiotics.

In 1949, Albertson reported® the first successful synthesis of a bridged lactam
(Scheme 4) (curiously, this pioneering example has been regularly omitted in
literature regarding bridged amides). The feasibility of Albertson’s synthesis
suggested that the stability of amides with C=0O bond placed on a 3-carbon bridge is

much higher than when the C=0 bond is located at a 2-carbon bridge.

Scheme 4
o
o o Me o
Raney Ni, EtOH
OMe °—> N COzEt + HN OMe
CO,Et 100°C,6h k CO,Et
Me
NC
36% 43%
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61-65

Between 1956 and 1973 the research groups of Yakhontov and Pracejus®®

%% studied a family of quinuclidone derivatives prepared by the condensation of
amines and acyl chlorides (Scheme 5). These researchers also examined properties of
methyl substituted 2-quinuclidones, suggesting that these structures behave as
isolated amino ketones (see Scheme 25 for details). It should be noted that the
isolation of the parent 2-quinuclidone as reported by Yakhontov and Rubitsov has
been questioned in the literature. Given the vigorous conditions utilized for the
synthesis and the lack of any characterization data save elemental analysis it is
possible that these researchers had obtained a polymerized material.®’ However, it is

rarely mentioned that Yakhontov converted 2-quinuclidone into its oxime, and

compared its properties with the compound obtained from an independent synthesis.*'

Scheme 5
Yakhontov/Pracgus
CH,CO,H Ry, Ry, R;=H -
Ry R, Ry, Ry, R3 = Me 27%
1. EN Ry, R, =H, R; = Me 40-65%
R R S socr R3\|[N Ry = H, Ry, R = Me 72%
R, "N "Ry © 2 Rs o R, =H, Ry, R; = Me 39-50%

H

In the early 1980s Blackburn® and Brown*” engaged independently in a
very important study addressing the increased rate of hydrolysis of bridged amides
(Scheme 6 and Table 1). Blackburn observed an increase of seven and nine orders of
magnitude in the rate of basic and acidic hydrolysis of the stabilized 2-quinuclidone

as compared to planar amides. Brown measured the rate of hydrolysis of four 2-

12



quinuclidone derivatives characterized by different distortion parameters, finding a
good relationship between the rate of hydrolysis and twist angles. For two of these
amides, the correlation was better when pyramidalizations at nitrogen were
considered (Table 1).'"> 77 Brown has pioneered another application of distorted
amides by using bridged lactams as model systems for activated peptide units in

acylation of serine,”” aspartate” and cysteine’® proteases.

Scheme 6

Blackburn

H CHCOH  (¢ico,EtELN
98% [::LN
-
H,0 o
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Brown
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Table 1. Structural parameters and hydrolysis rate constants of 2-quinuclidone

derivatives.'* "’
entry system N-C(0) C=0 1 woox ks k1/K;¢
[A] [A] [deg] [deg] [deg] [M's'] [M's"]
1 [2.2.2] 1423 1.179° 90.0° 63.4° 0.0 2.6x10° 2.3x10*
2 [3.2.2] 1.401 1216 307 572 9.0 6.0x10" 5.6x10'
3 [2.3.2] 1.413 1225 332 528 11.0 1.7x10" 3.0x10'
4 [3.2.2] 1370 1233 153 386 6.7 51x10% 1.2x10"
5 planar 1338 1235 13 37 -15 22x10° 22x107
acetanilide®

® Obtained by X-ray crystallography unless otherwise noted. ° Constant for base
hydrolysis. ¢ Constant for acid hydrolysis. ¢ Calculated values. ¢ N-(4-bromo-2-

methylphenyl)-N-methylacetamide.

Although the half-life for hydrolysis of a typical planar amide bond is
measured in hundreds of years at rt and pH = 7, the half-life of a stabilized 2-
quinuclidone was determined to be ~ 5 min at rt and neutral pH (Table 1, entry 1).
Interestingly, even a much less distorted amide with [3.2.2] scaffold (entry 2) was
hydrolytically labile and characterized as having a t;» ~ 1.5 days at neutral pH, and
typ ~11 min at pH = 4.5.7° These values correspond to a faster hydrolysis of
moderately distorted amides when compared to the hydrolysis of B-lactam antibiotics

(for example, hydrolysis of benzylpenicillin occurs with: t;, ~ 2 weeks at neutral pH,

14



tip~3hatpH=9 and t;» =3 min at pH = 1),80 a fact that underscores the difficulty
in synthesis and handling of bridged lactams.

In the 1980s and early 1990s other sporadic reports regarding synthesis of
bridged amides appeared in literature. Most synthetic methods for preparation of
bridged amides focused on amine condensation with acyl chlorides (e.g.
Blackburn),” ¥ however Brown noticed the advantage of DCC as the coupling
reagent in the synthesis of stabilized or relaxed systems based on the 2-quinuclidone
scaffold.”’ In addition, Steliou and Pouppart introduced Bu,SnO as an efficient

82, 83

promoter for difficult lactamizations, Hall reported preparation of bridged

84, 85 86, 87

amides, ureas and urethanes®® %

under flash vacuum pyrolysis, and
Greenberg” optimized conditions for synthesis of tetramethyl 2-quinuclidone
(Scheme 7). Two additional bridged amides with [3.3.1] scaffold were structurally
characterized (Buchanan,”' ™ yx = 48.8°, T = 20.8° and Sim,” yx = 49.1°, T = 16.3°),
confirming that the placement of the C=0 at one of the largest bridges results in a
large pyramidalization at nitrogen and much smaller twist angles (type B according to

Yamada’s classification).

15



Scheme 7
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Metal-catalyzed reactions and thermal cycloadditions were also applied to
preparation of bridged amides. The use of the Heck reaction in this end was pioneered
by Grigg, delivering a number of lactams featuring the C=0 on the external bridge.””
* This method was also employed for synthesis of analogous bridged

99-102 and

sulfonamides.”®”® A similar cyclization was subsequently used by Paquette
Ribelin.'” Currently the Heck reaction is one of the most popular methods for

synthesis of this type of bridged lactams (Scheme 8).
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Scheme 8
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Paquette also used a Heck reaction to prepare a family of bridged bicyclic

sultams!%41%

(typically prepared by intramolecular cyclization of o-sulfonyl
radicals). In a sharp contrast to the amide analogues, it was determined that

incorporation of a sulfonamide bond in a bridged structure does not result in its

hyperreactivity (Figure 6).

Ph
((\ O\\ .0 H non-planar sulfonamide bonds
0. /N *N /N _ N<> S «good hydrolytic stability
i 0 o $ﬁ é\"‘§ Ve shyperreactivity not observed
o o 0,8-N-~so,

Figure 6. Bridged bicyclic sultams.
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Shea applied a type II intramolecular imino Diels-Alder reaction for synthesis
of unusual bridged amides that also contained bridgehead olefins in the same
molecules (Scheme 9).*>* 7 Interestingly, these bridged olefins were found to be
more reactive than bridged amides. This methodology was recently extended by
Shea’s group to the synthesis of structurally related oxazinolactams'**"'® and 1,2-

diazines''' and was also applied as a key step in synthetic studies towards stenine.' '

Scheme 9
/ ) _200-215°C _
MeO,C n
>_,|4 - PhN—N
AcO 4, o MeO,C
n=1,234 29%, 82%, 76%, 9%

Williams utilized Rh-catalyzed carbenoid insertion for the synthesis of a
number of very strained bridged B-lactam analogues possessing [4.1.1] ring
system.''>''* A similar insertion was recently used by chemists at Sanofi-Aventis for

" In both cases, the rationale included the

synthesis of bridged carbapenems.
potential antibacterial activity of bridged amides, however, these lactams proved to be
too unstable for biological testing (Scheme 10).

In an interesting approach to bridged lactams, Arata utilized an aziridinium
rearrangement to prepare a bridged amide with [4.4.1] scaffold."'“""” Also,

noteworthy is a study of the chemistry of indole-derived bridged amides as potential

precursors for higher analogues of vinblastine alkaloids by Schill*® *% 2% and the
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use of a more relaxed bridged lactam as the key precursor in the total synthesis of

aspidospermidine by Ban®"* '** 12 (Scheme 11).

Scheme 10
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Scheme 11
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1,2-dehydroaspidospermidine
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A number of heteroatom-substituted bridged lactams have also been

126

investigated (Scheme 12). They include pyrazoline-5-ones prepared by Chuche “° and

127-134

hydantoins and oxazolidinediones first suggested by Smissman and ultimately

135-138
(see also Scheme 9). However, these compounds are

prepared by Brouillette
significantly easier to prepare than their carbon counterparts due to the conjugation of

the amide bond with a heteroatom.

Scheme 12
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n
N-N  COEt 400°C ).
\=< - > N CO.Et
CO,Et N=
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—_—
Ph NH o N
HO O—Q
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—
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HNOC 0 HN_£
[¢]
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Despite the above developments, until 1998 the area of bridged amides
remained rather unexplored. While a relatively large number of bridged lactams have

been reported (it should be noted that except for the above mentioned examples, the

139-145

remaining bridged amides are limited to very specific cases, unconfirmed

146-149

structures and more relaxed ring systems'>"'%%), besides Blackburn’s and
g sy
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Brown’s investigation of hydrolysis, there were no systematic studies addressing the
properties of bridged lactams. The geometries of the majority of bridged lactams were
close to typical amides, and most of the reports focused on isolated structures rather
than families of compounds, thus prohibiting their thorough investigation.

The last decade has witnessed major developments addressing the challenges
of versatile synthesis of bridged amides, and conceptually new lactams marked by
large distortions of N—C(O) bonds have been prepared.

In 1998, Kirby studying the reverse anomeric effect synthesized 1-aza-2-

163-166
adamantanone,

which he subsequently described as the “most twisted amide”
(Scheme 13). This perfectly perpendicular amide (t= 90.5°, 6 = 325.7°) displayed
some very unusual keto—amine-like reactivity (see page 35), including instantaneous
hydrolysis in water (t;» < 50 s), high basicity of amide nitrogen (pK, ~5.2) and

spectroscopic properties typical of an amino ketone (IR veo = 1732 em™, § °C NMR

=200.0 ppm).
Scheme 13

CO,H CO,H COZH
COZH subllmatlon
80 °C, 0.01 mmHg
100%

In 2003, Coe utilized a one-carbon higher homologue of 1-aza-2-
adamantanone'®’ as an intermediate in the synthesis of nicotinic receptor ligands by

subjecting it to an unprecedented Wolff-Kishner reduction (Scheme 14; see page 36
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for details). It should be noted that in both of the studies by Kirby and Coe the
proximity of the amino and the carbonyl groups, enforced by rigid adamantane-type

structures, facilitated their synthesis and influenced the properties of these lactams.

Scheme 14

@ 10 mol % t-BuOK
/ CO,Me Toluene, Dean-Stark /
N 1 N

8 h, 49-58%
H (o]

In 2006, Tani and Stoltz synthesized the iconic twisted amide, 2-

26- 168 (jsolated as its tetrafluoroborate salt), utilizing an intramolecular

quinuclidone
Schmidt ring expansion reaction (Scheme 15). This method differs significantly from
the classical amide bond formation but it allowed for the scrupulously anhydrous
conditions required for isolation of 2-quinuclidone. The X-ray structure of the
protonated amide indicated a fully orthogonal amide bond (T = 90.9° and ¥x = 59.5°).
As expected, 2-quinuclidone was found to be extremely unstable to hydrolysis

conditions (in water t;, < 15 s); even other nucleophilic solvents (including DMSO,

pyridine and MeOH) led to its rapid decomposition.

Scheme 15
9 recrystallization
HBF,4 from CH3CN-Et20
e L7 VA
é\/\ Et,0,20°C,3h @[H Zﬁ@ @[H
N; BF4 [e] @BF4 o BF,4 Po)
76:24 38%
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Schmidt reaction and bridged lactams. Stoltz’s synthesis was preceded by
the Aubé’s group findings regarding the Schmidt reaction. In 2002, in the context of a
total synthesis of stenine, Golden and Aub¢ reported a synthesis of a tricyclic bridged
amide utilizing a domino Diels-Alder/Schmidt reaction (Scheme 16).'%”
Mechanistically, the endo Diels-Alder reaction locked the azido-alkyl chain in the
axial orientation in the cis-decalin-type system. The subsequent migration of the bond
antiperiplanar to the diazonium cation located in the pseudoequatorial position led to
the fused lactam, while the migration of the bond antiperiplanar to the N," in the
pseudoaxial orientation afforded the bridged analogue. The amides could be easily

distinguished based on their spectroscopic properties.

Scheme 16
BnO N3 Bno/\: Bno/\: H Bno/\:
:H S 2 ';I
= MeAICI, 2 N MeAICI, 7 T
—_— —_— +
X © o N N
o o

I T T
T R

axial azidoalkyl chain pseudoaxial Ieavmg group
Ve=o 1643 cm™! Ve=0 1690 cm™!
13C NMR 174 ppm 3C NMR 188 ppm
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This reaction was significant since it demonstrated for the first time that a
bridged lactam could be prepared from an intramolecular Schmidt reaction and that
the loss of nitrogen is a powerful driving force enabling the preparation of strained
amides. However, the formation of the bridged product was unexpected. Despite the
very extensive use of the intramolecular Schmidt reaction by Aubé and other groups

for more than a decade,' "7

all previous examples of similar Schmidt reactions led
exclusively to fused amides.

In the intramolecular Schmidt reactions when the azide-containing side chain
is placed at the carbon adjacent to the electrophile, in theory two regiochemical

173 Formal insertion of the azide into the

outcomes can be envisioned (Scheme 17).
proximal C—C bond of the reactive electrophile would give a fused structure (path a),

while the insertion into the distal C—C bond would give a bridged system (path b).

Scheme 17
o] a o]
VRN 2
N3 » <:‘</"‘l\/> * N
b
fused lactam bridged lactam
(path a) (path b)

Before the stenine synthesis, the only example of the intramolecular Schmidt
reaction with the azidoalkyl chain placed in the o position to the electrophile
affording a bridged product had occurred during synthetic studies toward

174, 175

aspidospermidine (Scheme 18). However, this involved the reaction of the
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azidoalkyl chain with a ketal, affording a bridged orthoaminal product. It is very
likely that in this rather specific case, the fused ring system containing a four-
membered ring did not form due to strain, and that the azido-Schmidt reaction of the
ketal better accommodates formation of the bridged product than the ketone version.

176, 177

Furthermore, similar variants of the Schmidt reaction utilizing epoxides, olefins,

178180 diketones'™" '** and carbocations (generated in semipinacol rearrangement)'®>

1% as electrophiles did not afford bridged systems resulting from the migration of the

C—C bond distal to the electrophile.

Scheme 18

By contrast, in the related versions of the Schmidt reaction, when the azide-
containing side chain is placed at the carbon non-adjacent to the ketone, products
resulting from the azide insertion into both bonds have been observed. In particular,
in 1993 Pearson et al. showed that tertiary alcohols react intramolecularly with alkyl
azides to afford ca. 2:1 mixture of bridged bicyclic enamines after treatment with
protic and Lewis acids (Scheme 19).'” Due to the limited overlap of the lone pair of
electrons at nitrogen and the p orbital of the carbocation, the bridgehead iminium ion

was not formed.
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Scheme 19
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It should be noted that with the B-positioned tether, the migration of either of
the bonds leads to bridged structures: bridged enamines when olefins are utilized as

electrophiles (Scheme 19)'"

and bridged amides, when ketones serve as electrophilic
components (Scheme 15).*° In addition, the crucial difference between the Schmidt
reaction utilizing o~ and B-alkyl tethers is a type of the bridged structure that is
obtained. As will be seen in the following sections, one-carbon bridged amides,'®’
prepared from o-azidoalkyl tethers offer distinct advantages over bridged amides in

which C=0 bond is placed on a larger bridge (obtained from B-alkyl tethers).

Interestingly, as early as in 1996 Morton and Aubé subjected two -azidoalkyl

15 These azides would

cyclohexanones to the intramolecular Schmidt reaction.
provide amides analogous to the Stoltz’s 2-quinuclidone after the rearrangement.

However, only starting materials were recovered despite forcing reaction conditions,

thus emphasizing the difficulty in synthesizing bridged amides (Scheme 20).

Scheme 20
2 Me <%e
N% TN
n=1,2
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The generally accepted mechanism of the intramolecular Schmidt reaction
with an azidoalkyl chain placed in the o position to the ketone involves formation of
chair-like azidohydrins followed by the selective migration of the C-C bond

178 . .
173178 1y this scenario, a

antiperiplanar to the leaving diazonium group (Scheme 21).
bridged lactam can only be obtained from the azidohydrin intermediate, in which: (1)
the azide-containing chain occupies a pseudoaxial orientation and (2) the leaving
diazonium cation is placed in the pseudoaxial position. Both of these conditions must
be satisfied in order to form a bridged amide. 1t is likely that this intermediate is
energetically unfavorable, which explains why bridged lactams had not been

observed as products of the intramolecular Schmidt reaction before the stenine

synthesis.
Scheme 21

== J
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Very interestingly, during a second generation approach to stenine a similar
cis-decalin-type intermediate was formed by Diels-Alder reaction. However, the
migration of the bond antiperiplanar to the diazonium cation in the pseudoaxial
orientation was not observed, suggesting that subtle stereoelectronic factors

dramatically influence the outcome of Schmidt reactions (Figure 7).'*% '’

BnOo”
H H LA
N3 TMSO H N3 4
o
o o Et
OTMS
Et R, —N
first generation second generation exclusive reactive
intermediate intermediate conformation

Figure 7. Comparison of reactive intermediates in the first and the second generation

syntheses of stenine.

In 2005, Yao, Wrobleski, and Aubé reported the synthesis and novel reactions
of several other tricyclic amides based on the Diels-Alder/Schmidt sequence.’’
Importantly, the structure of bridged amides was confirmed by X-ray crystallography,
indicating that these compounds contain amide bonds from a previously unknown
distortion range (T = ~50°, see Table 35 for details), and offer very attractive

possibilities for investigating the properties of half-way rotated amide bonds.

Schmidt reaction and electrostatic interactions. In 2007, Yao and Aubé

obtained a bridged amide as the major product of the intramolecular Schmidt reaction
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for the first time (Scheme 22)."** In this study, the regiochemical control was
achieved by combining two effects: (1) axial orientation of the azide-containing tether
and (2) a stabilizing cation-7 interaction between an aromatic group and the leaving
diazonium cation in the key azidohydrin intermediate (Scheme 22, box). Control
reactions demonstrated that both the fers-butyl substituent and the aromatic ring were
necessary for the efficient formation of the bridged products. The fact that the
bridged/fused ratio increased with a more electron-rich aromatic ring system provided

a strong support for cation—7 interactions operating in this system.

Scheme 22
o o o
Ar MeAICI. 'LA R
2 N Ar N t-Bu o =3
H (]
t-Bu t-Bu Ar NT &
N3 t-Bu IA
Ar =Ph 51% 20%
Ar = 4-(MeO)C¢H, 65% 10%
Ar=H 17% 57%
Ar = Ph, no t-Bu 0% 96%

Interestingly, the (2R,45)-2-(3-azidopropyl)-4-tert-butylcyclohexanone (see
Scheme 33 for details) had already been subjected to a Schmidt reaction using TiCly,
but the bridged amide was not obtained under these reaction conditions.'” This
suggested that the regiochemistry of the Schmidt reaction is promoter-dependent, and
suggested an attractive possibility to control the outcome of the reaction by the

appropriate choice of reaction conditions.
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These studies allowed for a very efficient preparation of one-carbon bridged
amides, requiring only four steps from commercially available materials as opposed
to the much longer syntheses of triene precursors for the Diels-Alder/Schmidt
sequence.'®” This investigation also represented a rare example of utilizing an
electrostatic cation—m interaction to control the outcome of chemical reactions.

Although cation—rt interactions have been commonly invoked as key forces in
ligand recognition and binding, these effects are highly underutilized in organic

90193 11 one related case, Katz and Aubé proposed cation—m interactions as

synthesis.
a controlling feature of certain asymmetric Schmidt reactions of symmetrical ketones
with chiral hydroxyalkyl azides (Scheme 23)."* '° Diastereoselectivity in this
reaction was explained by the stabilization of the reactive intermediate ax by cation—m
interactions between the aromatic group and the diazonium cation. In addition, it was
found that the selectivity could be correlated with the electron density on aromatic
systems. The stabilization of the diazonium cation by aromatic rings followed the

expected electrostatic trend: 3,4,5-trimethoxyphenyl > 4-methoxyphenyl > phenyl >

4-nitrophenyl.
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Scheme 23
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In a similar study of the Schmidt ring expansion reaction, Ribelin and
Aubé,"® utilized heteroatoms placed on hydroxyalkyl azides to function as
electronegative components in the electrostatic interactions with diazonium cations
(Scheme 23, two last examples). In this study, these cation—n interactions were found
to be more effective in inducing diastereoselectivity in this reaction than cation—mw
effects.

In Chapter 2, I discuss a thorough study of the cation—r effects in the context
of regiochemical control in the intramolecular Schmidt reaction leading to one-carbon
bridged amides. This section also describes the discovery of a heteroatom directed
variant of the Schmidt reaction, which obviates the need for a locked conformation of
the reactive azidohydrin to afford bridged lactams. Chapter 2 culminates in the
development of a general methodology for the synthesis of one-carbon bridged

amides, based on a transannular cyclization strategy.
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Reactivity of bridged amides. As mentioned earlier, due to limited
nN—T*c-0 overlap, bridged amides are expected to display reactivity divergent from
traditional amides.*' In the most distorted amide bonds, the carbonyl group is more
electrophilic and its properties are more closely related to those of isolated ketones
rather than amides. Meanwhile, the lone pair of electrons at nitrogen is not engaged in
conjugation with the C=0 system and participates in amine-like reactivity.

There are very few prior studies addressing the reactivity of bridged amides.
Accordingly, the potential to utilize the unique properties of distorted amide bonds in
organic synthesis has largely been overlooked. Two major factors preventing study on
the reactivity of bridged amides are hydrolytic instability of bridged lactams, which
complicates their handling and significantly limits the number of potential reaction
types that can be examined, and the fact that most of the bridged amides known exist
in geometries resembling traditional amides."'

The first example of a reaction of a bridged amide was reported in 1946 by
Doering and Chanley during the oxidation of a quininone-derived enolate (Scheme
24)."7 In this transformation, fert-butyl alcohol (used a solvent) led to a rapid
alcoholysis of the corresponding amide to the amino ester, a reaction forecasting the

increased reactivity of twisted amide bonds.
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Scheme 24
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(from bridged amide)

Yakhontov has studied the chemistry of a tetramethyl-substituted 2-
quinuclidone, finding that this amide participates in three types of reactions (Scheme
25).5% 6% 9 Degpite the perpendicular amide bond, this compound does not serve as a
good model for reactivity of bridged amides due to a steric hindrance around the
amide bonds and the ease of formation of the tertiary carbocation. Using related
compounds, Pracejus suggested that 2-quinuclidones behave as reactive amino—

6668 He also determined the pKa of 2,2-dimethylquinuclidone to be 5.33,%

ketones.
which was the first quantitative evaluation of a high electron density at nitrogen in
bridged amides.

An interesting example was reported by Denzer and Ott,*! who found that the
reduction of the bridged amide can be performed with NaBHj, a reagent that typically

is unreactive with amides (Scheme 26). The resulting hemiaminal collapsed to the

aldehyde and was further reduced to the alcohol.
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Scheme 25
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In an important study, Brown demonstrated that the methylation of the amide
with [3.2.2] ring system takes place at nitrogen, while in the less distorted [3.3.2]
system the oxygen is the reactive site (Scheme 27).'”® These results had been

23 2% Wwhich indicated that similar

predicted by ab initio calculations by Greenberg,
bridged substrates had a greater degree of electron density on nitrogen relative to

typical amides.
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Scheme 27
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By converting 1-aza-2-adamantanone into the ketal, hydrazide and enamine,
as well as into quaternary ammonium salts, Kirby has unambiguously demonstrated

that this compound displays keto amine like properties, which are, however, expected

. . . 166, 199
for this perfectly perpendicular amide (Scheme 28). ™
Scheme 28
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Coe found the one-carbon higher homologue of Kirby’s amide to be one of
the very few examples of a twisted amide which is reactive and stable in alcoholic
solvents.'®” The reduction of this compound terminated at the hemiaminal stage; the
iminium ion was not formed due to the geometrical constraints imposed by the rigid
adamantane-like structure. Furthermore, the twisted amide underwent hydrazone
formation and full reduction to the amine under Wolff-Kishner conditions. Coe also
observed (MS analysis) that after addition of hydrazine the mixed ethanol-
aminohydrazine intermediate (which probably exists in equilibrium with the open

form amino-hydrazonate) is formed (Scheme 29).

Scheme 29
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In a breakthrough study, Lei, Wrobleski, Golden and Aubé demonstrated that
one-carbon bridged amides undergo unprecedented C—N bond cleavage reactions

under very mild reaction conditions (Scheme 30).*' It was determined that the
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hydrogenolysis is completely regioselective, a fact suggested to arise from a
decreased overlap of the bond that is being cleaved with the C=0O system. In this
reaction, N-activation of amides by hydrogen bond with alcoholic solvents was
proposed. Furthermore, tricyclic amides were found to wundergo novel
functionalization reactions on treatment with DDQ and Mel. Thus, for the first time it
was shown that distorted amides can display unique reactivity reaching far beyond the
enhanced rate of hydrolysis or ketone-like reactions of amides. Importantly, the
amide bond does not need to be fully orthogonal to participate in these novel

reactions.

Scheme 30
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Lei and Aubé extended the above study to the nitrogen and carbonyl reactivity

of tricyclic and bicyclic one-carbon bridged amides (Scheme 31)."*" Importantly, a
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number of N-protonated and N-methylated amides were prepared. In contrast to
Kirby’s amide, the N-protonated amides could be isolated before undergoing
hydration and their structures were confirmed by X-ray crystallography. It was also
found that N-protonation of amide bonds results in a dramatic increase in the
magnitude of rotation around the N—C(O) bond.

Similar to Kirby’s amide, these tricyclic lactams were also found to react with
ethylene glycol and hydrazine (Scheme 31). The reduction of bridged amides was
facile with NaBH4 and the resulting hemiaminals were stable to the isolation
conditions (compare with Schemes 26 and 29). Interestingly, a bicylic amide
substituted with an electron-withdrawing group in the o position collapsed to the
formamide (Scheme 32). In a preliminary study it was also found that incubation of
tricyclic amides at different pH conditions resulted in the recovery of the parent
amides, suggesting unprecedented levels of hydrolytic stability in the distorted

amides.

Scheme 31
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Scheme 32
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In Chapter 2, I report the study of reactivity of one-carbon bridged amides.
First, the hydrolytic stability of one-carbon bridged amides is investigated. These
amides are shown to display superior hydrolytic profile as compared to other bridged
lactams, allowing for a number of unique transformations. Next, nucleophilic addition
reactions to twisted amides, resulting in formation of exceptionally stable
hemiaminals, are reported. Lastly, bridged amides are demonstrated to undergo the
Corey-Chaykovsky reaction to afford isolable aminoepoxides. Other aspects of the

reactivity of one-carbon bridged amides are also discussed.

Transannular amine-carbonyl interactions. Transannular interactions
between the amine and carbonyl groups are relevant to this study of one-carbon
bridged amides. For example, interactions between amines and electrophilic ketones
or aldehydes can lead to a pseudo-tetrahedral hemiaminal-type carbon, adopting a
hybridization state between sp” and sp’>, and which are easily observed by

spectroscopic methods (Figure 8a). This type of transannular interaction has been
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utilized extensively in conformational analysis,”” mechanistic physical-organic

201, 202 203, 204 205-207

chemistry, total synthesis projects, medicinal chemistry, and in drug

. 208-210
design.

The most widely recognized example of transannular NC=0
interaction is the fundamental study by Biirgi and Dunitz*'' designating the general
trajectory of the attack of nucleophiles on C=O bonds. In this investigation, a set of
conformationally-frozen tertiary amine and ketone groups was necessary to keep the

reactive groups in close proximity to limit the number of unproductive conformations

(Figure 8b).

(o]
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)
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.
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Figure 8. a) Examples of N""C=0 interactions.”’**'” b) Compounds whose X-ray
structures provided the basis for Biirgi-Dunitz trajectory’'' (the trajectory is shown in

the box).
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Interestingly, the majority of nitrogen-carbonyl transannular interactions
reported so far involve electrophiles placed directly on a ring or otherwise
conformationally restricted tropane-type structures. In contrast, the opening of one-
carbon bridged amides would provide reasonably flexible systems with the carbonyl
moved one-carbon away from the ring. Furthermore, a transannular condensation
between a secondary amine and a carbonyl group placed on the other side of the ring
can in principle lead to the formation of bridged amides. However, prior to the
present study a very limited precedent of such transannular condensation reactions in
the synthesis of bridged amides existed.

The synergy between the opening and closing of bridged amides led to the
development of a general method for the synthesis of one-carbon bridged lactams
discussed in Chapter 2, and also to the observation of the proximity induced

transannular effects (Chapter 3).

Tetrahedral intermediates. Condensation of amines and carboxylic acid

derivatives affords tetrahedral intermediates.’'®

However, typical tetrahedral
intermediates formed during nucleophilic addition to carboxylic acid derivatives are
unstable. These short-lived species could sometimes be detected®'” but are rarely
isolated.”® '°* 22 22! When thiol-, alcohol- and amine-based nucleophiles are
employed, such species are commonly encountered in enzymatic acylation reactions,

where enzymes stabilize the reactive intermediates. In addition to their synthetic

value, isolated tetrahedral intermediates would provide models for in vivo
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transacylation processes.”'® Although, tetrahedral intermediates formed in the reaction
of tertiary amides and N-methoxy-N-methylamides with organometallic reagents are
relatively stable as their salts, and have been used extensively for synthesis of

ketones, the tetrahedral intermediates rapidly decompose upon protonation (Figure 9).

o) OHM ® o)
JU Nu-Hm + . +H
—_—
R™ X R xam > RT TNu

Nu X = Hal, OR, SR, NR,

Nu = SR, OR, NRy, alkyl, H

H o "o R R = 4-BrCgH,
1 P
1 Me .Me
N+ og OH N /( N
H Ju
=z Me
% O
Kirby Evans Lectka

Figure 9. a) Reaction of carboxylic acid derivatives with nucleophiles. b) Examples
of isolable tetrahedral adducts (see also N-brosylmitomycin C in Figure 8, and

Scheme 18).

Due to the limited conjugation of amide bonds in rigid ring systems, bridged
amides offer scaffolds that can be utilized for the isolation of otherwise unstable
tetrahedral intermediates. Chapter 3 describes isolation of a number of remarkably
stable and structurally diverse tetrahedral intermediates based on one-carbon bridged
amide scaffolds. Structural requirements necessary for the isolation of these

intermediates are also presented.
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Chapter 2

Synthesis of Medium-Bridged Twisted Amides

As described in the introductory chapter, the intramolecular Schmidt reaction
has emerged as a reliable method for the synthesis of bridged amides. Tani and
Stoltz’s approach permitted the isolation of the archetypal twisted amide, 2-
quinuclidone (after more than 60 years of attempts to prepare this compound), while
the research of Aubé’s group focusing on o-azidoalkyl azides led to the first
examples of half-way rotated lactams, allowing for the initial exploration of their
unusual reactivity.

Following these examples, we were interested in broadening the scope of the
intramolecular Schmidt reaction in the synthesis of one-carbon bridged amides. In
addition to exploring the uncommon rearrangement pathway in the Schmidt reaction
of a-azidoalkyl ketones, we wished to prepare a diverse family of bridged lactams to
further investigate the chemistry of non-planar amides.

When we began our study, the Schmidt reaction was limited to the synthesis
of [4.3.1] ring system of bridged amides.'® Furthermore, when the conformation of
the reactive azidohydrin intermediate was not locked (even in the presence of
stabilizing cation—t interactions), only fused lactams could be obtained.
Consequently, our goal was to determine whether the Schmidt reaction could be
utilized for preparation of other bridged amide scaffolds, and to identify whether

flexible ring systems could serve as precursors to bridged amides.
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Pyramidalization at nitrogen in Schmidt reaction. One promising example
reported by Lei and Aubé'® was the trans o-unsubstituted azidoketone 1, which after
exposure to MeAICl, afforded the fused amide 2 as the major product of the Schmidt
reaction, and the bridged analogue 3 in a modest yield (Scheme 33a). The same azide
1, however, was first utilized a decade earlier in the original investigation of the
intramolecular Schmidt reaction'” to confirm that the reaction proceeds with the
retention of configuration at the migrating carbon. Upon exposure to TiCly, 1
provided the fused lactam 2 as the only product of the Schmidt reaction (Scheme
33b), while the diasteroisomeric 4 cleanly furnished the lactam 5 (Scheme 33c). The
acid dependence on the product distribution of the reaction of azide 1 (Scheme 33a
vs. 33c) suggested an opportunity to evaluate the effects of reaction conditions on the

regiochemical outcome of the Schmidt reaction.

Scheme 33

t-Bu
2 (57%) 3(17%)

o]

Q"D

H
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Importantly, the main factor governing the outcome of the Schmidt reaction
with 1 is the configuration at nitrogen. Previous studies indicated that in the
aminodiazonium intermediates involved in the Schmidt reaction, the barrier to

178
8 We reasoned

pyramidal inversion at nitrogen is relatively small (ca. 1 kcal/mol).
that the appropriate choice of promoters, solvents and temperatures could influence
the reactive conformations leading to lactams 2 and 3. Furthermore, a better
understanding of this system would facilitate the extension of the scope of cation—n
effects, which we envisioned to pursue afterwards.

It is worthwhile to examine the reactive intermediates in the Schmidt reaction
in the o-unsubstituted system (Scheme 34). After activation, the trans azide 1
furnishes two azidohydrin intermediates 1a and 1b, which could interconvert through
nitrogen inversion (1a—1b and 1b—1a) or by reversion to the keto azide (1a—1 and
1b—1). The intermediate 1a with the pseudoequatorially disposed N, affords the
fused lactam while the intermediate 1b with the N," in pseudoaxial position gives the
bridged isomer.

Although epimerization (by acid mediated enolization, 1—4) is not predicted
to be a significant problem in this system, such a side reaction had been noticed in the
original study of the Schmidt reaction. If epimerization occurs, the diastereoisomer 4
can undergo azide attack from the equatorial direction to give the intermediate 4a, or

the axial azide attack to give the intermediate 4b. Rearrangement of either

azidohydrin would give the fused lactam 5. It is important to notice that although the
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nitrogen inversion can occur in 4a and 4b, it would result in N," being antiperiplanr

to the hydroxyl group (Figure 10); in either case the carbon migration is not possible.

Scheme 34
Intermediates involved in the Schmidt reaction with orunsubstitued cyclohexanone 1

LA
t-Bu o

=y

H
N Qe
1b 3
t-Bu oH t-Bu
—_—
=Ny 0 Nj
H H
t-Bu 4a

SMe

X
2 ®
N
\ =< t-Bu . N7 2
t-Bu OH
OH |
SMe
4b

®
t-Bu OH N> \7
% ¢-Bu \%OH
I+ sm
®N, e
from 4a from 4b

Figure 10. Unproductive azidohydrin intermediates arising from cyclohexanone

bearing equatorial azidoalkyl tether (bonds antiperiplanar to N, marked in bold).
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Accordingly, I undertook a detailed study of the rearrangement of keto azide
1. The effect of different acids, temperatures and solvents on the product distribution

in the Schmidt reaction of azide 1 is summarized in Tables 2, 3 and 4.

Table 2. Effect of Lewis Acid on Product Distribution with Azide 1.*

entry acid equiv. t 2:3°  conversion® trans/cis
[h] lactams™*

1 MeAICl, 1.1 2 71:29 >95 >95:5

2 TiCly 5.0 1 >95:5 >95 >95:5

3 TFA 85! 2 8614 >95 70:30
""" 4 MeAICL, 1.1 24 7129  >95  >955

5 MeAICl, 25 3 71:29 >95 >95:5

6  EtAICL 1.1 8 71:29 >95 >95:5

7  AICL 1.1 1 77:23 >95 >95:5

8 Me,AIC1 1.1 24 75:25 60 71:29

9  Me;Al 22 24 - <5 -
10 TMSOTf 1.1 2 77123 >95 57:43

11 BF3Et,0O 1.1 2 78:22 >95 >905:5

12 TfOH 5.0 1 79:21 >95 >05:5

13  SnCly 1.1 2 85:15 >95 >95:5

14  SnBry 1.1 24 >95:5 >95 >95:5

15 TiBry 1.1 1 90:10 >95 80:20

16  SbCls 1.1 1 87:13 >95 94:6

17  YbCly 1.1 24 88:12 >95 >95:5

18  AgBF,° 1.1 24 82:18 80 83:17
19 S«OTy 11 6 8614 >95 964

20  Yb(OTf)s° 1.1 24 - <5 -

21 Ti(OiPr),° 50 24 - <5 -

22 Zn(OTf),° 1.1 24 - <5 -

23 Cu(OTf),° 1.1 24 - 9 -

24 CuClL° 1.1 24 - <5 -

25  SnCl° 1.1 24 - 17 -

“0°C to rt, ¢ = 0.05-0.15 M in CH,Cl,.” Determined by 'H NMR.
¢ Trans/cis lactams ratio indicates 2,3:5 ratio. 4 Neat. ¢ Reflux.
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Table 3. Effect of Temperature on Product Distribution with Azide 1.

entry acid temperature t 2:3° conversion’  trans/cis
[h] lactams™*
1 MeAICl, 0°C —>rt 2 71:29 >95 >95:5
2 MeAICh -78 °C — rt 24 79:21 >95 94:6
3 MeAICl, -78°C(6h) —»rt 24 93:7 55 93:7
4  MeAICl, 45 oY 1 74:26 >95 >905:5
5 MeAICl, 90 °C® 0.2  80:20 >95 92:8
6  MeAICl, 110 °C** 0.5 77:23 >95 >95:5

* 1.1 equiv of MeAICL,, ¢ =0.05-0.15 M in CH,Cl,. ° Determined by 'H NMR. ©
Trans/cis lactams ratio indicates (2+3):5 ratio. ¢ MeAICl, added at rt, and the
reaction vessel was placed in the oil bath preheated to the indicated temperature.
© MW irradiation. " Toluene as a solvent.

Table 4. Effect of Solvent on Product Distribution with Azide 1.*

entry acid solvent t 2:3° conversion’ trans/cis
[h] lactams™*
1 MeAICl, CH,ClL, 2 71:29 >95 >95:5
2 MeAICL Et,0 24 71:29 >95 51:49
3 MeAICl, CH;CN 6 73:27 >95 93:7
4  MeAICl, PhCH3 1 75:25 >95 >95:5
5 MeAICl, CCl, 24 75:25 >95 92:8
6  MeAICl, CH;Cl1 24 - 20 -

7  MeAICl, MeOH 24  ketal® - -

“0°Ctort, 1.1 equiv of MeAICL,, ¢ = 0.05-0.15 M in indicated solvent. b
Determined by 'H NMR. ¢ Trans/cis lactams ratio indicates 2,3:5 ratio. 42-
(3-Azidopropyl)-4-tert-butyl-1,1-dimethoxy cyclohexane was formed.

As noted above, we expected that the bond migration in this simple system, in
which the reactive intermediates 1a and 1b differ only by the orientation of the
diazonium cation (Scheme 34), could be influenced by application of different Lewis
acids. Indeed, examination of the reaction conditions confirmed this to be the case.
Migration of the bond distal to the azide was regularly observed, and the resulting

bridged amide 3 was found to be stable to the reaction conditions (Table 2, entries 1,
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4 and 5). In general, aluminum-containing acids afforded the highest ratio of the
bridged to the fused amide (entries 4-9). The migration of the proximal C—C bond
was favored by sterically demanding Lewis acids (entries 2 and 13-17). The vast
majority of acids led to the clean ring expansion reaction; only few of the studied
acids did not promote the rearrangement (entries 9 and 20-25). A significant amount
of epimerization occurred only in three instances (entries 3, 8 and 10), reflecting the
general facility of the intramolecular Schmidt reaction.

We determined that the distribution of lactams formed from azide 1 could also
be influenced by changes in the reaction temperature (Table 3). The formation of the
bridged amide could be almost entirely suppressed by lowering the temperature (entry
3). Similarly, the bridged/fused amide ratio was decreased when the reaction was
performed at the higher temperatures (entries 2 and 6). By contrast, changing solvents
had a minor influence on the selectivity of the rearrangement (Table 4).

Overall, the regioselectivity of the rearrangement of azide 1 proved to be
condition-dependent and a variety of acids were found to promote the formation of
the bridged amide. Although, the ratio of the bridged to the fused lactam formed from
the azide 1 could not be improved, the above results suggested a possibility of
influencing the outcome of Schmidt reactions in more complex systems. The reaction
with azide 1 could be easily scaled up to provide gram quantities of lactam 3,
allowing for examination of properties of the a-unsubstitiuted [4.3.1] bridged system

(see Chapter 3).
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Cation—7 control of regiochemistry in the Schmidt reaction. Lei and Aubé
discovered a significant increase in the bridged/fused amide ratio when phenyl and 4-
methoxy phenyl substituents were placed in the o-position to the ketone in the

intramolecular Schmidt reaction (Scheme 22). Cation—7 interactions were suggested
to be a key controlling feature in this reaction.'®* '*

In an attempt to improve the synthesis of distorted amides, we wished to
further enhance the regioselectivity of the Schmidt rearrangement by utilizing
substrates with higher electron density on aromatic rings than 4-methoxy phenyl. We
also wanted to confirm the presence of cation—m interactions by using a substrate
bearing an electron withdrawing group on the aromatic ring. Following Katz’s

194, 195
precedence

(Scheme 23), it seemed likely that 3,4,5-trimethoxyphenyl and 4-
nitrophenyl groups would fulfill these tasks. Examination of additional substrates
bearing aromatic rings with different substitution patterns would provide both insights
into this type of the intramolecular Schmidt reaction and further examples of bridged
amides.

The selected 2-azidoalkyl-2-arylketones and their synthesis are presented in
Table 5. In all cases, diastereomerically pure samples of the required trans

diastereoisomers could be obtained after careful chromatography of the intermediate

chlorides.
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Table 5. Preparation of Azides 20-26.

step 1 step 2 step 3

0 2% Pd(OAC),

2.5% P'Bus

NaO‘Bu ArX NaH NaN3

or 6% P ‘Bu:, C'(CH2)3|

2.5% Pd,(dba),
t-Bu  Bu,;SnF, ArX

6-12 13-19 20-26

entry Ar product (yield, %)

step 1 step 2 step 3

1 CoHs 6(50) 13 (40) 20 (89)
2 4-(MeO)CgH, 7(52) 14 (45) 21 (96)
3 4-(NO,)CeHy 8 (61 15(41) 22(88)

4 3,4,5-(MeO);CHa 9 (46) 16 (40) 23 (99)
5 3,4-(Me0),CgHs 10 (52) 17(45) 24 (87)
6 3,4-(CH,OCH,)CeH; 11 (37) 18 (37) 25(86)

7 3,5-(Me0),CgHs 12 (62) 19(43) 26 (89)

4 TMS enol ether used instead of the ketone.

Having determined earlier (Tables 2 and 3) that the regiochemical outcome of
the Schmidt rearrangement depends significantly on the reaction conditions, we
started the investigation of the cation—r directed version by a short optimization of
the reaction conditions, utilizing o-phenyl containing azide 20 as a model substrate

(Table 6).
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Table 6. Optimization of Product Distribution in Schmidt Reaction with Azide 20."

o
o o
Ph
‘e, > N + N Ph
t-Bu H Ph
tB
N3 u t-Bu
20 27 34

entry  acid equiv t [h] 27:34°
1 MeAICl, 1.1 3! 26:74
2 EtAICL 1.1 18 50:50
3 TfOH 5.0 1 63:37
4 TiCly 5.0 1 50:50
5 SnCly 1.1 18 71:29
6 BF;*Et,0 1.1 6 60:40
7¢ MeAICl, 1.1 6 26:74
84 MeAICl, 2.2 18 47:53
9° MeAICl, 2.0 24 71:29
100 MeAICL 2.0 24 47:53
118 MeAlCl 2.0 24 26:74
12" MeAICL, 2.0 24 37:63

*0°C tort, c =0.05-0.15 M in CH,Cl, unless otherwise
noted. ® Determined by "H NMR. € -78 °C to rt. ¢ Reflux, 1.1
equiv added after 2 h. © ¢ = 0.0007 M. "¢ =0.007 M. £ ¢ =
0.05 M. " ¢ = 0.23 M. ' The ratio did not change after next 12
h.
These studies revealed that a number of Lewis and protic acids could be used
to provide the desired bridged lactam 34 (entries 1—6). Changes in temperature did
not improve the bridged/fused ratio (entries 7-8). Interestingly, the product
distribution proved to be dependent on the concentration of the reaction, with the
ideal results obtained at ¢ = 0.05 M (entries 9—12).
Next, we probed the effect of the electronic nature of the aromatic substituent

in the o position on the outcome of the Schmidt reaction (Table 7). In these

experiments bridged amides 34-40 arise from cation—m stabilized intermediates,
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bearing the diazonium cation in the pseudoaxial orientation (Scheme 35, ax-cation),
whereas fused lactams 27-33 arise from a competing reaction pathway involving

pseudoequatorial diazonium cation (Scheme 35, eq-cation).

Table 7. Cation—r Directed Synthesis of Fused and Bridged Lactams.”

o
o o
R
’ MeAICl,
i —_— N + N R
t-Bu H B R
N3 tBu t-Bu

20-26 27-33 34-40

product (yield, %)

entry azidle @R fused bridged
1 20 CeHs 27(22) 34 (61)
2 21 4-(MeO)CsH4 28 (11)  35(71)
3 22 4-(NO2)CsH4 29 (38) 36 (39
4 23 3,4,5-(Me0);CsH> 30 (19)  37(66)
5 24 3,4-(Me0O),C¢H3 31 (18)  38(65)
6 25 3,4-(CH,OCH;)C¢H3 32(13)  39(72)
7 26 3,5-(Me0O),C¢H3 33(25) 40 (65)

* 1.5 equiv of MeAICly, 0 °C to rt, 24 h, 0.05 M in CH,Cl,.

Scheme 35
LA
tBu o R t-Bu
Ar
—
anm a?m@&n O WI
t-Bu .
eq-cation 28-33

Ar

o '

LA

\ tBu o R t-Bu
§ ;k} ,l: :; —_— i Ar
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The observed overall dependence of selectivity is consistent with the ability of
aryl rings to stabilize the N," group in 1,3-diaxial relationship.'”> Thus, under the
optimized conditions, the azide 20 bearing phenyl in the o position afforded 61% of
the bridged lactam 34 along with 22% of the fused product 27 (Table 7, entry 1). The
azide 21, featuring a more electron-rich 4-methoxyphenyl system, led to an increased
bridged/fused lactam ratio delivering the amides 35 and 28 in 71 and 11% yield,
respectively (Table 7, entry 2). Conversely, azide 22, decorated with an electron-
withdrawing 4-nitrophenyl substituent, decreased the ratio, leading to ca. 1:1
distribution of the final products (Table 7, entry 3). This trend is fully consistent with
the expectation that the observed selectivities are a direct result of the axial/equatorial
preference of the diazonium cation and the strength of the cation—m interaction.

Interestingly, introduction of the 3,4,5-trimethoxyphenyl substituent in the o
position of the azido-alkyl cyclohexanone afforded the bridged amide in 66% and its
fused analogue in 19% yields, respectively (Table 7, entry 4). This ratio is
intermediate between that of the phenyl and 4-methoxyphenyl substituted azido-
ketones. Moreover, it does not follow the trend observed in the Schmidt reaction with
hydroxyalkyl azides (Scheme 23), which is a closely related system probing the
strength of cation—m interactions between N,  and aromatic rings. Furthermore, the
use of 3,4-dimethoxyphenyl substrate 24 provided products having a bridged/fused
lactam ratio similar to that of substrate 23 (entry 5), while the 3,4-
dioxomethylenephenyl-containing azide 25 (entry 6) increased the selectivity,

matching the ratio obtained with azide 21 (entry 2). In addition, 3,5-
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dimethoxyphenyl-containing azide 26 (entry 7) gave a ratio similar to the o-phenyl
keto-azide from entry 1.

We reasoned that these unanticipated results could be ascribed to coordination
of the Lewis acid to the oxygen ethers. To probe this hypothesis we performed a set
of experiments, in which the azido-ketones were subjected to varying number of
equivalents of MeAICl,. The results are summarized in Table 8.

Table 8. Influence of Lewis Acid Stoichiometry on Product Distribution in Cation—7
Directed Schmidt Reaction.*”

bridged:fused
entry equiv acid 27:34 28:35 29:36 30:37 31:38 33:40
1 1.0 MeAICl, 26:74 12:88 50:50 16:84 15:85 24:76
2 1.5 MeAICl, 26:74 12:88 49:51 21:79 22:78 31:69
3 2.0 MeAICl 28:72 14:86 47:53 30:70 39:61 42:58
4 3.0 MeAICl 30:70 2971 nd  46:54 52:48 61:39
5 2.0 BF3*CH3;CN 56:44 32:68 nd 42:58 nd  65:35
“0°Ctort, 24 h, ¢ =0.05 M in CH,Cl,. ° Product ratio determined by 'H NMR.
nd = not determined.

In the case of the a-phenyl-containing azide the bridged/fused amide ratio
remains practically constant, regardless of the stoichiometry of MeAICl, (Table 8,
27:34, entries 1-4). However, with alkyloxygen-substituted phenyl rings, the ratio
significantly decreases with the increase of equivalents of the acid used. In addition,
this tendency is more pronounced in substrates capable of coordination of MeAICl, to
multiple oxygens (Table 8, series 30:37, 31:38, 33:40). Furthermore, the application

of'a monodentate Lewis acid to promote the rearrangement afforded a similar trend of
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bridged/fused lactams to that obtained with MeAICl, (4-methoxyphenyl > 3,4,5-
trimethoxyphenyl > phenyl > 3,5-dimethoxyphenyl) (Table 8, entry 5).

These results are consistent with coordination of the acid to oxygens placed on
the aromatic ring, leading to the decrease of the electron density of m-systems, and
weakening of cation— interactions. The net outcome is the increased amount of the
fused lactam formed from the intermediate bearing N, group in the pseudoequatorial
orientation (Scheme 35, eq-cation). A steric interaction between the acid coordinated
to aromatic ring oxygens and diazonium cation in the pseudoaxial orientation might
also be responsible for a lower selectivity in the C—C bond migration. Overall, these
results emphasize the importance of selecting appropriate reaction conditions to
obtain maximum cation—n stabilization effects.

We also subjected azide 42 bearing a four-carbon tether to the above Schmidt
reaction conditions (Scheme 36a). However, lengthening of the azide-side chain did
not lead to any productive reaction, even under very forcing reaction conditions
(Sc(OTH)s3, 0.5 equiv, H,0, 180 °C, 3 h or TiCL, 5.0 equiv, toluene, 105 °C, 18 h). It
is very likely that in this case the azidohydrin intermediates 42-ax/42-eq are formed,
however the o-phenyl substitutent slows down the migration of the C—-C bond
(Scheme 36b). A deleterious effect of electron-withdrawing substituents on the rate of

) . . . 173,222,223
the reaction was observed earlier in a number of azido-Schmidt substrates.'” 2%
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Scheme 36
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Motivated by Yamada ef al. findings that carbonyl groups can serve as

effective m-systems,”* we examined the potential of ester and amide functionalities as

cation-stabilizing groups in the intramolecular Schmidt reaction (Scheme 37 and

Table 9).

Scheme 37

Preparation of azides with o~carbonyl groups

u u
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_— e
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45, R = CO,Et, 62%
46, R = CONHBuU, 47%

43, R = CO,Et
44, R = CONHBu
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Table 9. Schmidt Reactions of a-Carbonyl Substituted Azides.

0 o
4748 2~ — Q} + N R
t-B R
u t-Bu

49, R = CO,Et
50, R = CONHBu 51, R = CONHBu

product (yield, %)

entry azide R acid fused bridged
1 47 CO2Et  MeAICL, 49 (80) -
2 47 COEt  TfOH 49 (92) -
3 47 COEt  TFA 49 (88) -
4 47 COEt  BF3*Et,0 49 (78) -
5 48 CONHBu TfOH 50 (52) 51(13)
6 48 CONHBu MeAICL, 50 (77) -

However, the o-ethoxycarbonyl group embedded in a conformationally-
locked system afforded only the fused amide, albeit in good yields (Table 9, entries 1-
4). The placement of a secondary amide in the o position permitted the formation of
the bridged amide 51 (entry 5), but the bridged/fused lactam ratio resembled the
outcome obtained with the azide 1 rather than cases in which cation—m interactions
were operative. Interestingly, when the reaction of the azide 48 was promoted by the
Lewis acid, the formation of the bridged amide was not observed (entry 6). This
suggests that the Lewis acid coordinates to the amide, possibly forming a six-
membered chelate, which might disfavor the placement of the diazonium cation in the
pseudoaxial position (Scheme 38, eq-cation).

The behavior of azide 48 is reminiscent of another o-amide-containing

azidoketone (52, Scheme 39), which affords the fused and the bridged amide when
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subjected to TfOH, however it gives only the fused analogue in reactions mediated by

TiCly or MeAICl, (described by Wrobleski and Aubé).**

Scheme 38
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Scheme 39
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TiCl, - 60%
MeAICl, - 60%

Distortion parameters of [4.3.1] bridged amide ring system. Bridged
amides prepared by cation—nt directed intramolecular Schmidt reaction contain
nitrogen atoms at a bridgehead position in [4.3.1] ring system. This arrangement

prohibits the nitrogen and the carbonyl group from adopting co-planarity.

59



Consequently, the nitrogen lone pair is partially orthogonal to the amide C=O bond,
and unable to participate in full conjugation with the C=0O ©t* orbital. This results in
keto amine-like character of these compounds. The X-ray structure of 38 confirms
that the amide bond is significantly distorted (Figure 11).”*° Dunitz-Winkler
distortion parameters show that in 38, the N-C(O) bond has t = 43.2°, xn = 33.8°,
and c = 16.3°. This indicates that the N-C(O) bond is halfway rotated, and that the
hybridization at nitrogen is nearly halfway between sp” and sp’ in character. In
contrast, the carbon of the amide bond is nearly planar; this property has also been
observed in other distorted amides.” The N—C(O) bond length of 1.363 A in 38 is
longer than the typical N-C(O) bond in planar amides and the C=0O bond length of
1.234 A is slightly shorter than the average C=0 bond in traditional lactams. These
values are consistent with a significantly distorted amide bond resulting from

incorporation of the nitrogen in the bicyclic [4.3.1] ring system.

N OMe

t-Bu
38

Figure 11. X-ray structure of bridged amide 38.

The comparison of distortion parameters of 38 and 53 along with tricyclic

bridged amides obtained in the Schmidt reaction and representative other distorted
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lactams is presented in Table 35, Chapter 3. The X-ray structure of 38 provides key

evidence to explain the differences in reactivity between distorted amides.

Cation—n control of regiochemistry in Schmidt reaction. Although cation—
T interactions have proven to be a very efficient method for synthesis of one-carbon
bridged amides, a major limitation of this approach is the necessity for a locked
conformation of the reactive azidohydrin intermediate to form a twisted amide
(Scheme 22). In addition, only the [4.3.1] ring system could be prepared utilizing the
cation—n directed Schmidt reaction (Scheme 36). These limitations could be partially
overcome by applying cation—n interactions as a controlling feature of the Schmidt
reaction.

Lei and Aubé have found that the bridged amide is formed as the major
product of the Schmidt reaction when a thiomethyl group is placed in the o-position
in the conformationally locked 2-azidoalkylcyclohexanone, (Scheme 40).'"® By
contrast, the methoxy group led exclusively to the fused lactam. It was proposed that
attractive cation—n interactions between the N,' leaving group and n electrons on the
polarizable sulfur atom could be responsible for the formation of the bridged lactam
(Scheme 40, box). These experiments were preceded by realization that the
spectroscopic properties reported earlier by Aubé and coworkers'” for the fused oi-
thiophenyl-containing lactam are likely to correspond to a bridged rather than fused

structure (see Experimental Section for details).
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Scheme 40
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We wondered if a similar cation—n effect could be utilized for the synthesis of
bridged amides in a system in which the conformation of the reactive azidohydrin
intermediate is not locked. We hypothesized that a thiomethyl group might have a
beneficial effect on the rearrangement of the distal C—C bond in the Schmidt reaction.
Firstly, similar to the phenyl group, an electron-withdrawing SR group should slow
down the rearrangement step. Importantly, this will also disfavor the migration of the
C—C bond proximal to the azide. Secondly, due to a similar A value to the azidoalkyl
tether (1.1 kcal/mol of SMe vs. 1.79 kcal/mol of C,Hs),**’ it is possible that the
required conformation of the azidohydrin bearing the azidoalkyl chain in the axial
orientation will be present not only in the ground state but also during the reaction. In
this arrangement, the diazonium cation in the axial orientation could be stabilized by
the interaction with sulfur.

It should be noted that despite a relatively large A value of the phenyl group
(2.8 kcal/mol), this substituent does not always occupy the equatorial orientation
predicted by steric requirements.'”> For example, in 1-methyl-2-phenylcyclohexane
the phenyl preferentially occupies an axial orientation, since after rotation it can avoid

steric interactions with adjacent hydrogens that are unavoidable when the phenyl is
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equatorial. Phenyl rotation is likely to be one of the major factors contributing to the
exclusive formation of the fused lactam from the unlocked o-phenyl azidoalkyl
cyclohexanone (Scheme 21).

After a two-step synthesis of the required precursor, we were delighted to
discover that the azide 57 with a thiomethyl placed in the o position to the ketone
afforded a bridged bicyclic lactam without relying on the locked conformation of
cyclohexanone (Scheme 41).**® Given the original hypothesis for the mechanism of
the intramolecular Schmidt reactions (Scheme 20), we hypothesized that the lactam
58 is formed from the azidohydrin intermediate (Scheme 41, box) subjected to a

stabilizing electrostatic 1,3-diaxial interaction between the cation and the thiomethyl.

Scheme 41
o
SMe
NaN3
I(CH2)3CI ez
47%
N3
55 57
o
o
TFOH N OH
N SMe * WSMe
min N’(gz
SMe IA
65% 15%
58 59

Control experiments demonstrated that the axial orientation of the azide-
containing side-chain is required for the formation of bridged lactams (Scheme 42

and Table 10, entries 2 and 3). In this particular case, the preparation of azides was
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complicated due to the difficulties in separation of the diastereoisomers (Scheme
42a). Despite extensive investigation of methods based on reduction of the ketone or
oxidation of the sulfur to increase the polarity of intermediates, direct alkylation
followed by careful chromatography still afforded the best results.

The use of thiomethyl is crucial to the outcome of the reaction (Table 10,
entries 1, 4 and 5). The selectivity observed with the conformationally locked azide
61 equals the highest selectivity obtained in the previous study (entries 2 and 6).
Thus, in the cyclic intermediates involved in the Schmidt reaction the strength of
thiomethyl cation—n interactions is comparable with the well-established cation—m
interactions. However, the remarkable advantage is that when the thiomethyl
occupies the o position to the ketone the reactive intermediate contains the azide
chain in the axial orientation (entries 1 and 6), allowing for the synthesis of otherwise

unsubstituted bridged lactams.
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Table 10. Synthesis of Bridged and Fused Lactams Utilizing Cation—n Effects.

o)
R 0 N
— > N R, *
R R
2
N3 R,

1

entry azide R, R, bridged:fused yield (%)
ratio®
1 57 SMe H 80:20 80
2 61 SMe, cis to R, t-Bu 86:14 74
3 62 SMe, trans to R, t-Bu >5:95 75
4 68 H° H >5:95 85
5 69 Ph H >5:95 96
6 21  4-(MeO)C¢Hay, t-Bu 87:13 75
cis to RyY

* Determined by 'H NMR of the crude reaction mixture.
Experimental Section for full details.

65

® Combined yield, see the

¢ Reference 173.¢ Reference 188.



The reactive intermediates are shown in Scheme 43. The fact that the isomer
61 leads primarily to the bridged product while the isomer 62 affords only the fused
product provides the first experimental support for the hypothesis that the
intramolecular Schmidt reaction requires the azidoalkyl chain to adopt an axial
orientation to give a bridged lactam. Here, we suggest that the bridged isomer 65 is
formed due to stabilizing cation—n interaction favoring the orientation of diazonium
cation in pseudoaxial position in the azidohydrin intermediate. The effect of an o
substituent is shown in the bottom part of Scheme 43. In 57, the thermodynamically
favored conformation ax-tether affords the azidohydrin intermediate that leads to 58.
It is very likely, however, that the alternative conformation with the azidoalkyl chain

in equatorial orientation eq-tether exists in the ground state.
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Scheme 43
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We also probed the effect of heteroatom substituents and ring sizes on the
outcome of the reaction (Schemes 44 and 45, Table 11). Thiophenyl and methoxy
groups allowed for the synthesis of bridged lactams, albeit in lower yield. Sulfur
substitution with either an electron-withdrawing group (entry 2) or a less polarizable
heteroatom (entry 3) led to diminished cation—n interactions. Sulfonyl was also found
to be an efficient directing group, however in this case the interaction takes place
between cation and oxygen and a cation—t component cannot be excluded.

Examination of different ring sizes revealed that bridged lactams are formed

efficiently from six and seven membered rings in which the azide is separated from
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the ring by a three-carbon tether. Extending the ring size or the tether length
decelerated the reaction and decomposition of azide to aldehyde was the only reaction
pathway observed (entries 7 and 8). As determined earlier for other intramolecular
Schmidt reactions, substitution with an electron-withdrawing substitutent slows down

173

the rate of reaction.” "~ This effect is similar to that seen in the reaction of azide 42

(Scheme 36), which was found unable to undergo the rearrangement.

Scheme 44

Preparation of azide 79

i o_ 0o o_ 0 o_ 0o i
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Scheme 45

Preparation of azides 88, 92, 98 and 101

o o o
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Cl N,
n=0,m=1,(86) 37%, (87) 77%, (88)
n=2,m=1,(90) 64%, (91) 85%, (92)
n=3,m=1,(96) 75%, (97) 90%, (98)
n=1,m=2,(55) 67%, (100) 86%, (101)

68



Table 11. Effect of Substituent and Ring Size on Cation—n Directed Schmidt

. XR
xR * N *
( m n mCHO

Reactions.

XR

TfOH

N3'“ . n XR
yield (%)
entry azide XR n m bridged fused aldehyde
1 57 SMe 1 1 58(65) 59 (15) -
2 72 SPh 1 1 73395 74 (32) -
3 79 OMe 1 1 80(23) 81+82(52)° -
4 83 SOMe 1 1 84(48) 85 (13) -
5 88 SMe 0 1 - 89 (43) -
6 92 SMe 2 1 93(62) 94 (11)° 95 (20)
7 98 SMe 3 1 - - 99 (30)
8 101 SMe I 2 - - 102 (53)

® Combined yield of 81 and 82 (see below). ° Keto amide (see below).

Some of the o-heteroatom-substituted fused lactams were found to be

unstable. For example, the Schmidt reaction of azide 79, instead of the expected

lactam, afforded elimination and ring-opening products in ca. 1:1 ratio (Scheme 46a).

Mechanistically, this involves protonation of the methoxy group, N-acyliminum ion

formation, and deprotonation or hydrolysis. Similarly, the azide 92 afforded the 11-
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membered keto amide (Scheme 46b). Additionally, lactams 85 and 89 were found to
eliminate readily upon exposure to acids and mild heating. Analogous ring opening of

bicyclic systems had been observed earlier in the Schmidt reaction with hydroxyl

alkylazides.**’

Scheme 46
a
o] o fo)
H
Cp—Cn-Ch
OMe 7 o
from79 81 82

b [o] [o]
H
N N
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from 92
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Interestingly, cation—n directed Schmidt reactions were found to be very
dependent on the acid used for rearrangement, suggesting the importance of

coordination effects on the product distribution (Table 12).

Table 12. Acid Influence on Bridged/Fused Lactam Ratios in Cation—n Directed

Schmidt Reactions.

entry azide XR acid equiv  time  bridged:fused bridged:fused
lactam® products
1 57 SMe TfOH 5.0 60 s 80 : 20 58 :59
2 57 SMe HBF,4 5.0 5 min 75 :25 58 : 59
3 57 SMe BF;*CH;CN 2.0 2h 76 : 24 58 : 59
4 57 SMe  MeAICl, 1.0 4h 77 :23 58 : 59
5 57 SMe TiCly 2.0 2h 27:73 58 : 59
6 72 SPh TfOH 5.0 60 s 53:47 73 : 74
7 72 SPh HBF, 5.0 S5 min 33:67 73 :74
8 72 SPh  BF3;*CH3;CN 2.0 2h 44 : 56 73 : 74
9 72 SPh  MeAICl, 1.0 4h 27:73 73 : 74
10 72 SPh TiCly 2.0 2h >5:95 73 : 74
11 79 OMe TtOH 5.0 60 s 32:68 80 : 81+82
12 79 OMe BF;*CH;CN 2.0 6h 37:63 80 : 81+82
13 79 OMe  MeAICl, 2.0 6h 22:78 80 : 81+82
14 79 OMe TiCly 2.0 6h 16 : 84 80 : 81+82

“ Determined by 'H NMR of crude reaction mixtures.

With the a-thiomethyl azide 57 the bridged/fused amide ratio (58:59) drops
significantly only when TiCly is used to promote the reaction (Table 12, entry 5).
Other acids gave a comparable 58:59 ratio (entries 1-4). However, in the case of 72,

HBF, and MeAICl, led to a significantly decrease in the 73:74 ratio (entries 7 and 9),
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while TiCly does not lead to the bridged amide at all (entry 10). In the case of 79, a
trend similar to 72 was observed, with TfOH and BF;*CH3;CN (entries 11 and 12)
giving superior results to MeAICl, and TiCl, (entries 13 and 14).

The product distribution with a seven-membered azidoketone 93 was also
dependent on the acid used to promote the rearrangement. Thus, TfOH gave 93, 94
and 95 in 62%, 11% and 20% yields, respectively (Table 11, entry 6). Similar to the
examples in Table 12, TiCl, afforded 93 and 94 in the opposite ratio (22% and 43%
yield), while BF;*CH3CN gave comparable results to TfOH (71% and 13% yield).
The aldehyde was not detected in reactions mediated by TiCly; and BF;*CH3CN.

The increased formation of fused lactams can be caused either by favoring the
reactive conformation in which the leaving diazonium cation is placed in the
pseudoequatorial orientation (Scheme 47, eq-cation) or by favoring the reactive
conformation of cyclohexanone in which the azidoalkyl chain occupies the equatorial
position (eq-tether). MeAICl, and TiCly may favor eq-cation by formation of stable
5-membered chelates between the carbonyl oxygen and the a-heteroatom (Scheme
47, top box). Alternatively, metal chelation may favor placing the tether in the
pseudoequatorial orientation (eq-tether, bottom box). As a consequence, the
formation of bridged amides is minimized. This dependence resembles the

stoichiometry relationship in the cation—rt directed Schmidt reaction (Table 8), and

the Schmidt reactions of a-amide-substituted azidoalkyl ketones (Schemes 38 and

39).

72



Scheme 47
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In addition to the substrates presented in Table 11, we attempted the Schmidt
reaction with three other o-thiomethyl substituted azido ketones. However, 105
afforded only the fused lactam and the aldehyde in very low yields (Scheme 48a),
while 108 and 109 decomposed under the Schmidt reaction conditions (Scheme 48b).
The results with 105 may reflect the difficulty of the migration of benzylic C—C bond
combined with a slower rate of the rearrangement of the o-thiomethyl-substituted

proximal C—C bond.'”
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Scheme 48
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230 We demonstrated

Thiomethyl ethers are valuable synthetic intermediates.
the utility of the thiomethyl-substituted lactams to obtain a family of structurally
related bridged amides (Scheme 49, only products shown). Noteworthy is the
chemoselective oxidation of the thiomethyl in the presence of sensitive twisted amide
functionalities (110, 111, 113), reductive thiomethyl removal proceeding via
generation of a bridgehead radical (112), and isolation of the bridged amide 114
containing a bridgehead olefin in the same molecule. In addition, Raney Ni reduction
of the tert-butyl substituted amide 65 led to the formation of two diastereoisomeric

amides, confirming the intermediacy of the bridgehead radical (Scheme 50).

Interestingly the amide bond in 115 (IR vc—o = 1697 cm™, °C NMR & = 188.9 ppm)

74



is more distorted than in 3 (IR veoo = 1682 cm”, °C NMR &= 186.9 ppm),
suggesting that even minor changes around a twisted amide bond can have an

influence on its properties.

Scheme 49
o o o (o] (o] o
n “’O N N s N
N So N S~
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In an effort to gain more insight into the cation—n directed Schmidt reactions,
we studied the rearrangement of azides 57, 61 and 62 by NMR. Thus, the reaction of
azide 61 with BF;°Et,0 (t;, = 45 min) proceeded about three times more slowly than
the analogous reactions of azides 62 and 57 (t;» = 15 and t;» = 13 min, respectively).
However, at this point we cannot conclude whether the differences in the reaction rate

result from the cation—n stabilization or rather from other factors affecting the
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Schmidt reaction (for example, axial vs. equatorial azide attack, rearrangement of cis-
vs. trans-azadecalin-type system or ring inversions).

Monitoring the above reactions by °C NMR permitted the detection of some
unusual properties of one-carbon bridged amides contained in a [4.3.1] ring system
(Scheme 51). After rearrangement, the carbonyl peak of the isomer 61 appeared at
174 ppm in °C NMR. Addition of D,O gave amide 65, in which the carbonyl peak
shifted downfield to 182 ppm. In contrast, values corresponding to the isomer 62
appeared at 179 and 174 ppm, respectively. We ascribe this difference to a change of
coordination site between nitrogen (Scheme 51a, bridged lactam) and oxygen
(Scheme 51b, fused lactam). The 174 ppm shift is in good agreement with previously

26, 189

reported carbonyl shifts of N-protonated lactams. The switch of the protonation

site from O to N is expected for partially rotated lactams (see Scheme 27).%2* %8

Scheme 51
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Transannular cyclization strategy. Although the studies on cation—rt and
cation—n control of the Schmidt reaction have significantly expanded the utility of the
Schmidt reaction in synthesis of one-carbon bridged amides, we remained aware of
limitations of the Schmidt reaction for this purpose. While only two different ring
systems of one-carbon bridged amides could be prepared by the Schmidt reaction,**®
we wished to test the properties of a wider range of ring systems containing bridged
amides. In particular we wished to determine whether more strained analogues of
[4.3.1] or [5.3.1] ring systems are isolable and synthetically useful.

Due to their inherent strain, the synthesis of distorted amides is challenging.”'
Although a relatively large number of amides in which C=0O bond is placed on two-

carbon or longer bridges are known (Figure 12a),*'

there are a very few known-
examples of amides in which the C=0 group is situated on one-carbon bridge (Figure
12b).*" "% 117 However, as will be seen in more detail in Chapter 3, due to the
increased hydrolytic stability, one-carbon-bridge-containing amides are superior to 2-

quinuclidone derivatives insofar as they can be used as an effective platform for

studying biological and chemical properties of distorted amide bonds (Figure 12b).>

A o

C=0 on =2 carbon C=0on 1 carbon

elimited utility due to hydrolytic instability sdesirable structures
*no general method of synthesis

Figure 12. Types of bridged amides.
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Traditional condensation approaches are commonly utilized for preparation of
amides with C=0 bond placed on 2 or longer bridge.*' However, when these
reactions were attempted in the context of one-carbon bridged amide synthesis they
were reported to be unsuccessful (Scheme 52).*

Other failed approaches to one-carbon bridged amides include intramolecular

231-233

127, 130 Bl electrophilic  cyclization

nucleophilic displacement reactions, and
condensation reactions,””> all of which are compromised by the inherent

nucleophilicity of the amide bond oxygen, resulting in the formation of oxygen—

carbon instead of nitrogen—carbon bonds (Scheme 53).

Scheme 52
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Direct ring-closing metathesis results in isomerization of double bonds and
polymerized material but not in closure to the strained twisted amides (Scheme
54).'% 3% In addition, direct ring-closing metathesis fails in synthesis of bicyclic
sultams, which are significantly easier to prepare than bridged amides.'®
Furthermore, [2+2] cycloaddition also does not lead to the expected products
(Scheme 55).'*

Scheme 54
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The only reported examples of one-carbon bridged amides were in the context

114,117, 144 30, 121-123

of single scaffold preparation and were limited to specific examples.
When the present work was undertaken, Schmidt reaction was the most general

method of the synthesis of one-carbon bridged twisted amides.
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Aware of these difficulties, we envisioned a strategy based on two sequential
reactions: 1) efficient formation of medium-sized ring, followed by 2) transannular

cyclization reaction (Scheme 56).

Scheme 56
step 1 step 2
medium-sized transannular
[o) LG ring formation cyclization

b S

Although the synthesis of medium-ring nitrogen-containing heterocycles with
appropriately placed amine and carboxylic acid derivative functionalities was
expected to be a major challenge (Scheme 56, step 1),”>>*" we anticipated that
transannular lactamization (Scheme 56, step 2) could be capable of overcoming the
inherent strain associated with the formation of twisted amide bonds. Evidence
supporting the feasibility of this reaction was provided by our studies of hydrolytic
stability of bridged amides’ (see Chapter 3 for details) in which it was determined
that some of the open-form amino acids exist in equilibrium with the corresponding
bridged amides, even in water (Scheme 57a). Furthermore, we found that the open-
form 9-membered amino-methyl ester closes spontaneously to the corresponding
bridged amide (Scheme 57b). A limited precedent from previously reported twisted

amide chemistry also supported the viability of this strategy.’® '**
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Scheme 57
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The spontaneous cyclization of 116 to 34 deserves a comment. The
methanolysis of 34 was performed as a control reaction to study along with the
reduction of 34 under Borch conditions. As expected, the distorted amide bond
undergoes facile opening under acidic conditions. Intriguingly, the standard
purification by chromatography followed by removal of the residual solvent under
vacuum afforded the product 116 contaminated with ca. 6% of the parent amide 34.

Optimization of the spontaneous amidation revealed that prolonged storage of
116 under vacuum (24 h, rt) led to 11% conversion to amide, while higher
temperature (120 °C, 5 h, vacuum) gave ca. 50% conversion along with significant
decomposition. In addition, when 116 was kept in a flask open to air, ca. 80%
conversion to 34 was observed after two weeks, confirming that the transannular
cyclization is a thermodynamically favored reaction pathway. Finally, we determined

that a short exposure of 116 to DBU results in a convenient lactamization. Next, the
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transannular cyclization of various open-form aminoesters (obtained by alcoholysis of

the corresponding amides) back to the bridged lactams was evaluated (Table 13).

Table 13. Transannular Closure to Bridged Amides.

Le_—_PBU  _ N R4

Toluene, 110 °C

7,
lR1

R, Ry

entry amino ester R R, LG amide time yield[%]

1 116 Ph  #+Bu OMe 34 lh 91
2 117 H #Bu OMe 3 lh 48
3 118 SPh  H OMe 73 lh 84
4 119 Ph  #Bu OEt 34 18h 85
5 120 Ph  #Bu Oi-Pr 34 7 days 49

Gem-dimethyl substitution is not required for the reaction (entry 2). The lower
yield obtained in this case is most likely caused by instability of amide 3 (see Chapter
3). It is noteworthy that even this compound could be obtained by the transannular
route. The good correlation between the pK, of the leaving group and the relative rate
of the reaction (entries 1, 4 and 5, pK, MeOH = 15.5, pK, EtOH = 15.9, pK, i-PrOH
= 16.5) suggests that the amino ester exists in equilibrium with the tetrahedral

intermediate, and that the expulsion of the alkoxide is the rate-determining step of the
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reaction. Importantly, cleavage of the C—C bond (see Chapter 3) was not observed
under relatively forcing reaction conditions.
As an alternative, we found that traditional peptide coupling conditions can

also be applied for synthesis of [4.3.1] ring system of bridged amides (Scheme 58).

Scheme 58
(o]
DCC, DMAP R
DMSO, rt,24 h
t-Bu t-Bu
(121), R=Ph (34), R = Ph, 79%
(122),R=H (3), R=H, 59%

Having performed these initial studies, we were prepared for de novo
synthesis of bridged amides. The first ring system that we wished to prepare was the
[3.3.1] scaffold, not accessible by the Schmidt reaction. The comparison of ring strain
energies in systems containing bridgehead olefins suggested that the targeted

structure might be very strained (Figure 13).%*'2*

37 38 34 25 66 16 13
Figure 13. Ring strain energy (kcal/mol) in bridgehead olefins analogous to 1-aza-2-

adamantanone, 2-qunuclidone, [4.3.1], [5.3.1] and [3.3.1] one-carbon bridged amides.

Planar olefin and saturated hydrocarbon are shown for comparison.**' %
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Bicycle opening. The initial approach to a medium-sized nitrogen-containing
heterocycle, a precursor to test the key cyclization reaction, relied on the cleavage of

the zero-bridged single bond in a bicyclic pyrrolizidine (Scheme 59, m=n=1).

Scheme 59

CO,Me MeO,C Nu
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n_N m n m

We originally envisioned that opening of analogous bicycles (Scheme 59, m,
n # 1) would afford access to a range of additional precursors for the transannular
cyclization, especially since the cleavage of zero-bridged bond in fused bicyclic ring
systems is a common procedure in the synthesis of indole alkaloids.*** We found,
however, that the cleavage of the internal bond in 125 is problematic (Scheme 60).
After alkylation of 125 and exposure to nucleophiles, demethylation was the only

reaction pathway observed (Scheme 60, see Experimental Section for further details).

Scheme 60
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Conversion of 125 to a series of corresponding carbamates resulted in the
cleavage of the external C—N bond by the chloride released from the activating agent
(Scheme 61a). Performing the reaction in the presence of other nucleophiles also
resulted in the cleavage of the same C—N bond by the chloride, while exposure of 125
to a less reactive benzyl methyl carbonate (toluene, 110 °C, 24 h) led to the recovery
of the starting material. We found, however, that activation of 125 with benzyl
chloroformate followed by addition of sodium cyanoborohydride** afforded ca. 1:1
mixture of reduction products resulting from the cleavage of the desired internal C—N

bond and the undesired external C—N bond (Scheme 61b).

Scheme 61
CO,Me CO,Me
AllocCl/ICbzCl/FmocClI -
N toluene, 110 °C N
1
cl” R
125 128, R = Alloc, 91%
129, R = Cbz, 89%
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(NO2)CgH4OC(O), 76%
b
CO,Me MeO,C |4 CO,Me
CBzCI
R
NaCNBH +
N g N me N
Cbz Cbz
26% 33%
125 131 132

The steric hindrance around the quaternary carbon prevents the efficient
cleavage of the zero-bridged bond in the unactivated pyrrolizidine. It is likely that this
problem could be circumvented by attaching an aromatic ring (for example, indole or

244

benzene)”™ to the bicycle or by removing the ester group. However, since we wished
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to test the properties of unsubstituted bridged amides rather than their heavily
modified versions and sought an efficient method for the synthesis of precursors for
the transannular cyclization, we did not pursue these pathways.

With 131 in hand, after hydrogenative Cbz removal, the stage was set to
perform the key transannular cyclization (Scheme 62). Disappointingly, exposure of
132 to our previously developed conditions afforded no conversion to the desired
lactam after 1 h and complete decomposition of the starting material after 24 h. The
difference of reactivity between 132 and amino ester 117 (Table 13) may suggest that
the desired lactam was formed in the present case, but decomposed under the reaction

conditions.

Scheme 62
43 PACH MeOLC, H DBU, toluene y
—_— — H
71% CH? 110°C N/D

Aware of the lability of o-unsubstituted one-carbon bridged amides (see
Chapter 3), we reasoned that substitution o to the ester might enhance the stability of
the putative [3.3.1] amide. Being unsuccessful in alkylation of the hindered 131 and
because of the previously described problems with the cleavage of the internal C—N
bond in the pyrrolizidine precursor, we decided to change our approach to the

medium-sized heterocycle.
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Fukuyama amine synthesis. Fukuyama has developed a practical synthesis
of secondary amines utilizing 2,4-dinitrobenzenosulfonyl and 2-nitrobenzenesulfonyl
groups as activating substituents for selective alkylation and Mitsunobu reactions of
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amines.” Fukuyama’s group applied this methodology to the synthesis of a number

of unsubstituted nitrogen-containing medium-sized rings (Figure 14).

Ns—NH nBuyNI, Cs,CO; NsN PPh;, DEAD Ns—NH
—_— -
Br HO
n

n n

n Ring size Cyclization n Cyclization
1 8 62% 1 59%
2 9 64% 2 57%
3 10 66% 3 62%

Figure 14. Synthesis of medium-sized heterocycles containing nitrogen by

Fukuyama.”*

Our second generation approach towards synthesis of precursors for the
transannular cyclization relied on Fukuyama’s amine synthesis. Following the lesson
learned with aminoester 132 we envisioned that the o-substituent would be installed
in the early stages of the synthesis. To favor the transannular amidation reaction,
malonate was chosen as a suitable precursor for the cyclization. The synthesis is

summarized in Scheme 63.
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Scheme 63

EtO,C._ _COEt EtO0,C._ _ CO,Et EtO,C._ _CO,Et
EtO,C.___ COaEt _ NaH _ LHMDS _ M
Br(CH,);0TBS I(CHZ)Cl CH;CN
92% 74%
TBSO oTBS cl OH cl
133 134 135
EtO,C._ _ CO.Et EtO,C._ _ CO.Et Et0,C CO,Et EtO,C.__ CO,Et
135 _NH2Ns, DIAD LiBr Cs,CO; C/i> .
—_— —_— —_— .
PPh; 97% nBugNI N X
70% (2 steps) Ns
NHNs cl NHNs Br NHNs
40% 34%
136 137 138 138a

The desired eight-membered ring 138 was prepared in six steps from diethyl
malonate. The chloride to bromide exchange (136—137) was necessary to form 138;
when 136 was subjected to the cyclization conditions the reaction did not occur. The
lower yield for the formation of 138 and the significant amount of the elimination
product 138a as compared to model systems (Figure 14) suggested that the reaction is
sensitive to steric hindrance created by malonate groups.

After the nosyl group removal, we attempted the transannular cyclization to
the twisted amide (Scheme 64). In contrast to aminoester 132 (Scheme 62), the
reaction proceeded smoothly. However, instead of the [3.3.1] bridged amide,
carbamate 140 was formed. Clearly, the transannular attack of the amine on the ester
functionality was followed by the breaking of the C—C bond, which was more favored
than the expulsion of the ethoxy leaving group to form the strained [3.3.1] bridged

amide. This transformation resembled the cleavage of the unactivated C—C bond
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observed earlier in the course of reduction of one-carbon bridged amides (see Chapter

3 for details).

Scheme 64
OEt
EtO,C CO,Et ©o EtO,C H
PhSH DBU CO,Et
—_— _— —
138 Cs,CO, N toluene <; N
78% H 110 °C, 24 h !
62 N CO,Et
139 140

We envisioned three methods to divert the transannular reaction into the
desired course: 1) modification of the reaction conditions; 2) replacement of the
ethoxy group with a better leaving group; 3) use of an o-substituted acetate instead of
the malonate.

It is well-known that an increase in solvent polarity can favor Sx2 reactions.*
However, when deprotection of 138 was carried out with thioglycolic acid and LiOH
in DMF at rt for 1 h, 140 was formed directly from 138, indicating that the
transannular migration proceeds faster in polar solvents. It suggested that other
reaction conditions would not change the course of this transannular reaction.

As a second method to favor the transannular cyclization, 138 was converted
into 142 (Scheme 65). The subsequent deprotection with thioglycolic acid and LiOH
in DMF led to decomposition, while the use of thiophenol and Cs,CO; afforded a
complex mixture of products. Interestingly, the HRMS analysis indicated the

presence of the desired product (caled for C;;H;gNO; (M™ + H) 212.1287, found
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212.1287). As we would learn later, the desired [3.3.1] lactam was indeed formed in

this reaction, however due to its instability, this fact was not noticed at that time.

Scheme 65
EtO,C  COzH EtO,C CO,C¢Fs HSCH,CO>H
LiOH EDC LiOH, DMF decomposition
138 THF/H,0 N CgHsOH N or PhSH or complex mixture
96% llls 75% llls Cs,C0;, CH;CN
141 142

Being unable to convert the aminoester 139 into the desired [3.3.1] amide, we
synthesized the eight-membered precursor containing phenyl group in the o position
to the ester (148, Scheme 66). The choice of the phenyl group was dictated by the fact
that the a-phenyl substituted amide 34 afforded a stable hemiaminal after treatment
with NaBHj. In contrast, the hemiaminal resulting from the reduction of o-(4-
nitrophenyl) substituted amide 36 collapsed with the C—C bond cleavage (see Chapter
3, Table 24 for details). The synthesis of 148 (Scheme 66) mirrored the synthesis of
138 (Scheme 64). The only noteworthy difference is a slightly lower yield of the
Fukuyama reaction (147—148), reflecting the increase of the steric hindrance around

the quaternary carbon.
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Scheme 66

Ph._ _CO,Et Ph_ _CO,Et Ph._ _CO,Et
Ph___ CO.Et LHMDS " W
Br(CH,);0TBS 1(CH,)ClI CH4CN
89% 91% 93%
TBSO OTBS cl OH cl
143 144 145
Ph_ _CO,Et Ph_ _CO,Et Ph CO,Et Ph_ _CO,Et
NH,Ns, DBAD LiB Cs,CO
145 L» ;, #, N +
PPh; 96% nBugNI \ X
68% Ns
NHNs cl NHNs Br NHNs
29% 39%
146 147 148 149

In contrast to 138 (Scheme 64), deprotection of 148 with both PhSH and
thioglycolic acid afforded the aminoester 150 (Scheme 67). Furthermore, vigorous
treatment with DBU did not lead to any productive reaction, clearly indicating the
difference in reactivity between these two systems. Thus, ester to phenyl exchange
prevented the transannular migration, however this modification did not provide the

desired twisted amide.

Scheme 67

PhSH, Cs,CO, Ph_ CO,Et

89% DBU
—_— —_—
148 or CQ 110°C, 24 h
H

HSCH,CO,H
LiOH, DMF
53%

no reaction

150

As a next resort, 148 was converted to 152 (Scheme 68). Similar to the
malonate 142, the exposure of acetate 152 to thioglycolic acid led to complete

decomposition (Scheme 65). To our delight, treatment with the alternative
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deprotection conditions afforded bridged amide 153 containing the [3.3.1] ring

system.

Scheme 68
i
Ph CO.H Ph CO,CeF5
LiOH EDC PhSH Ph
—_— —_— —_—
148 dioxane/H,0 N CgHsOH N Cs,CO;3 ND
91% ! 72% ! 57% (NMR)
Ns Ns
151 152 153

Compared to the bridged lactam 34 with [4.3.1] ring system, 153 bearing
[3.3.1] scaffold is very unstable. The compound decomposed in CDCl; within 48 h
(presumably by polymerization and/or hydrolysis). Attempted purification by
chromatography also led to its complete degradation. Although all of the one-carbon
bridged amides exhibit similar characteristic polarity on TLC (R¢ = 0.2-0.5 in 1/4
EtOAc/hexanes), 153 could not be observed by this method, which is further
consistent with its rapid decomposition.

The structure of 153 was secured through detailed NMR analysis (‘H NMR,
Bc NMR, COSY, NOESY, HMBC and HSQC) of the unpurified reaction mixture
(only peaks in the aromatic region were not resolved), and confirmed by HRMS
measurements. Particularly noteworthy is the dramatic shift of the carbonyl group in
the °C NMR spectrum at 199.5 ppm. This value matches the N—-C=O resonance of
the Kirby’s amide,'®® strongly suggesting that both compounds exhibit similar

distortion of the amide bond. In other words, 153 is one of the most distorted amides
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prepared to date. However, in contrast to 1-aza-2-adamantanone, which is embedded
in a rigid adamantane structure and stabilized by three additional methyl groups, 153
readily decomposes, which prohibits its use for synthesis and limits its suitability for
study.

The instability of 153 was supported by MS measurements. Thus, peaks
corresponding to 153 could only be observed when acetone, CH,Cl,, or acetonitrile
was used as a solvent for ionization in ESI MS experiments. The amide 153 was not
detected when H,O, MeOH or MeOH/water/formic acid were used as diluents (Table
14; note that tricyclic and bicyclic amides containing [4.3.1] ring system are detected
in ESI MS when the above solvents are used for ionization). In addition, the carbonyl
IR stretching frequency at 1730.5 cm™ is also consistent with a significant degree of

twist of the amide bond in 153.

Table 14. EST MS Experiments with Lactam 153."

entry solvent used exact mass assignment
for ionization ~observed

1 CH;CN 216.1391 153

2 CH,Cl, 216.1407 153

3 CH;COCH3;  216.1405 153

4 THF - -

5 H,O 234.1498 amino acid

6 MeOH 234.1484; 248.1661 amino acid and the methyl ester

7 MeOH/H,O/  234.1484; 248.1635 amino acid and the methyl ester
HCO,H

* Relevant HRMS calculations: HRMS caled for C14H;sNO (M + H) 216.1388 (153);
HRMS calcd for C14H20NO, (M™ + H) 234.1494 (amino acid of 153); HRMS calcd
for C1sH»nNO, (M + H) 248.1651 (methyl ester of amino acid of 153).
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It is possible that 153 or a related [3.3.1] bridged amide could be isolated by
crystallization (most likely after its N-protonation, in a manner similar to 2-
quinuclidone),”® however due to the limited synthetic value of 153 and the relatively
lengthy synthetic route to 153, we did not attempt this.

The significant change of stability in transition from [4.3.1] to [3.3.1] ring
system of bridged amides is surprising, and suggests that the seven-membered ring
secures the stability of one-carbon bridged amides. It is worthwhile to point out that
all of the [4.3.1] amides described above could be easily purified by standard
chromatography, are bench stable over long periods of time, and do not decompose in
CDCL'® ** or in THF/D,0 mixtures.”* Even the o-unsubstituted amide with a
[4.3.1] scaffold, which is considerably less stable than o-substituted bridged amides,
could be easily observed in THF/D,O mixtures (see Chapter 3). Based on the above,
it seems likely that one-carbon bridged amides with bridges shorter than in [3.3.1]
ring system (for example, [3.2.1] and [3.1.1] scaffolds) are too unstable to be isolated.

Having discovered the instability of the [3.3.1] bridged amide, the focus of
our study turned towards testing the stability of the isomeric [4.2.1] ring system.
Williams reported that a number of substituted [4.1.1] bridged amides have a

reasonable stability.'*

We also hypothesized that the presence of a seven-membered
ring in the unsubstituted [4.2.1] bridged system would enhance its stability (as
compared to [3.3.1] system), allowing for its isolation and further manipulations.

As before (Scheme 66), ethyl phenylacetate was advanced to the appropriate

amino chloride 157 (Scheme 69). However, in contrast to the regioisomeric 146, the
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Sx2 displacement with bromide did not afford the desired product 158. Under
standard reaction conditions the reaction did not proceed, while more forcing
conditions led to the formation of lactone 159 as the major product. These results
suggested that even if the bromide could be installed in this system, the subsequent
cyclization to the eight-membered ring is unlikely to succeed. Molecular models
showed that the backside attack at the chloride in 158 is prohibited by the steric
arrangement of the phenyl and ester moieties. This result also explains low yields in

the cyclization to 138 and 148 (Schemes 63 and 66).

Scheme 69
Ph_ _CO,Et CO,Et CO,Et
h__cogEt —_LHMDS
I(CH,),0TBS Br(CHz)ZCI CH3CN
69% 43% 74%
TBSO
OTBS
154
Ph_ _CO,Et CO,Et
NH,Ns, DIAD LiBr
156 — 2 T o — g >
PPhy cl cl
80%
NsHN NsHN NHNs
157 159

To circumvent the above problem, we envisioned that a much smaller cyano
group, serving as a latent carbonyl equivalent, would replace the ester (A value of CN
= 0.17 kcal/mol, A value of CO,Me = 1.27 kcal/mol). To avoid halide elimination
during the SN2 closing, Mitsunobu reaction would be used to cyclize the medium-

sized ring (Figure 14). This synthesis is summarized in Scheme 70.
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Scheme 70

Ph CN Ph_ _CN Ph_ _CN
Ph__CN LHMDS LDA NaN;
1(CH,)4OTBS Br(CHa).Cl 86%
60% 88% al N;
TBSO TBSO
OTBS
160 161 162
Ph CN Ph_ _CN Ph_ CN
162 - Hz PdIC HF PPh,
-——— —_— —_——
2. NsCl, i-Pr,NEt NHNs CH4CN NHNs DBAD
1% 96% 18-42% NNs
TBSO HO
164 164 165

In agreement with our design, nitrile permitted the Sx2 displacement
(161—162). However, the harsh conditions required for this reaction (NaNj, 10
equiv, DMF, 90 °C, 6 h) emphasize the steric hindrance around the homoneopentyl
carbon. Hydrogenation of 162 provided the primary amine, which was directly
protected with the nosyl group. Interestingly, Staudinger reduction of 162 afforded
the 5-membered lactam resulting from the cyclization of the amine into the nitrile.
This potential for lactamization or lactonization during substrate preparation is a
major shortcoming of the Fukuyama’s amine synthesis in this context. Overall, this
approach requires careful choice of precursors and lengthy manipulations involving
numerous changes of protective groups.

Under the Mitsunobu conditions, the amino alcohol 164 was cyclized to the
desired 165. However, we encountered two significant problems with this reaction.
First, despite considerable optimization, the yield of the cyclization did not improve

as compared to the direct SN2 displacement (Schemes 63 and 66). Secondly, the
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separation of 165 from the hydrazine by-products was problematic. While the use of
di-tert-butyl azodicarboxylate allowed for removal of di-alkyl hydrazine-1,2-
dicarboxylate by-product, the eight-membered 165 was always contaminated with
varying amounts of 167 arising from the intermolecular attack of the hydrazine anion
on 166 (Scheme 71). The formation of 167 emphasizes the difficulty in cyclization to

the 8-membered ring system.

Scheme 71
[©]
Ph CN Ph3P\ /COztBu Ph CN /COztBu Ph CN
N—-NO -N
\
tBu0,C , Bu0,C  H
NHNs & > gNs > tBuO,C NHNs
1
N
OH -Ns
Ph$\ /COztBu \ H ';‘
/N— N @ PPh; CO,tBu
tBuO,C H
164 166 167

Despite a low purity of 165, we attempted a number of further elaborations
towards the precursor for the cyclization to the [4.2.1] bridged amide. However, the
hydrolysis of the nitrile in the presence of nosyl group was unsuccessful. The
DIBAL-H reduction afforded the aldehyde, but again it was inseparable from the
aldehyde resulting from the reduction of 167. The above difficulties, combined with
low yields of the cyclization reaction and chemoselectivity problems in the substrate
preparation, led us to reconsider the synthetic approach to nitrogen-containing

medium-sized rings as precursors to bridged amides.
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RCM cyclization. In the last fifteen years ring-closing metathesis has

emerged as a reliable method for synthesis of nitrogen-containing heterocycles.**’>"!

However, one of the areas that has been relatively underdeveloped is the synthesis of
medium-sized nitrogen-containing heterocycles without conformational control. This
is exemplified by the early work by Grubbs and coworkers, who demonstrated that
cyclization to an eight-membered nitrogen-containing ring was possible only in the
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presence of the benzene functionality which rigidifies the system (Scheme 72).7“ It is

worth noting that for both enthalpic and entropic reasons eight-membered rings are

the easiest to prepare in the family of medium-sized rings (Scheme 72).>>

Scheme 72
OTBS (;|\R'|’Cy3 OTBS Total strain
a P N\= Ring size [kcal/mol
— éc}<Ph % [ 7 ]
59% | 9 12.6
B 10 12.4
N N 1 1.3
Boc Boc 12 4.1

Despite a tremendous interest of organic chemists in RCM methodologies,
manifesting in thousands of examples and applications, there are very few reported

instances of efficient synthesis of nine and ten-membered ring systems containing
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nitrogen. Most of these are limited to rigidified scaffolds and specific cases. For

example, cyclization to the nine-membered heterocycle in the Enders synthesis of the

150, 151

cripowellins aglycon is permitted by the rigidifying nature of the amide and the

dioxolane groups (Scheme 73). Dihydropyrrole performs a similar function in the

98



Hiemstra’s example.”* Amino acid mimics prepared by Brimble®> and Lubell**® also

benefit from the planar arrangement of atoms facilitating the RCM cyclization.

Scheme 73

Enders

<O Grubbs 2 <O
o 7% o
Hiemstra \
\\ {/ (CHa),
/\ﬂ\,(CHZ)“ % \ 'l'SO Ph
Z < =1~ 2

48-84%

Brimble

/\/q>\cozt3u 20 mol% G1 N~ CO,tBu
—_—
46% ’ o}
| O
s

~ \
CO,Bn CO,Bn

Lubell
\> (/ VR
m(HZC) (CHZ)n m(HZC) (CHZ)n
20 mol% G1
BocHN N CO,Me m,n=1,2 BocHN N CO,Me
o 78-87% o
OMe OMe
MeO MeO

A careful literature search revealed the examples in Scheme 73 to be the
closest systems to those that we would target in the synthesis of precursors for the
transannular cyclization. This limited precedence was the major reason why we did
not pursue earlier the RCM avenue for the synthesis of medium-sized heterocycles.

Although it seemed plausible that RCM could be used for preparation of rigidified
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and stabilized systems, it was this modification that we wanted to avoid from the
beginning of our approach. Having explored two other and better-precedented
methods for the synthesis of medium-sized nitrogen-containing heterocycles with
limited success, we turned our attention to the ring-closing metathesis. Gratifyingly,
the cyclization to the model 9-membered ring system proceeded in excellent yields.
Table 15 summarizes results of extensive optimization of the RCM reaction.*’

Grubbs 1 catalyst promoted the cyclization, however one equivalent was
necessary to achieve full conversion (entry 1). Fiirstner indenylidene catalyst™® had
earlier proved to be efficient in cyclization to unsubstituted medium-sized nitrogen-
containing rings,”** however in our system it was not superior to other ruthenium
catalysts (entries 2 and 3). Grubbs 2 and Hoveyda—Grubbs 2 catalysts performed
efficiently in the reaction (entries 6 and 10). The ideal results were obtained in the
presence of HG2 catalyst when argon was bubbled through the reaction mixture to
facilitate ethylene removal or when the reaction mixture was simply opened to air
(entries 13 and 14).2°2%! It is of note that HG2 catalyst was superior to phosphine-
based catalysts.

Typically, the RCM reaction was carried out in degassed, refluxing
dichloroethane, however toluene could also be used as a solvent with no decreases in
yield (entry 8, G2 catalyst). The catalysis was not inhibited by the close presence of

carbamate groups (entry 7).%>%

In addition, the cyclization could be performed at rt,
however much catalyst higher loadings were necessary to promote the reaction (entry

9, G2 catalyst).
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Interestingly, a direct comparison of the cyclization of amines 169 and 172
substituted with tosyl and nosyl groups respectively, revealed that 169 undergoes
cyclization more efficiently than 172 (entries 11 vs. 1, and 12 vs. 10). As expected,
the low concentration was crucial to obtain a high yield of the 9-membered
heterocycle (entry 18). The RCM was extended to a number of orthogonally protected
ring systems, including easily removable carbamate functionalities (entries 15-17).

Curiously, the DEPT spectrum of heterocycle 173 indicated the presence of
four CH, carbons instead of five. The structure of 173 was confirmed after
hydrogenation of the double bond to afford 177, which displayed the expected
spectroscopic characteristics (Scheme 75). In addition, 176 bearing nosyl instead of

tosyl group exhibited the usual spectroscopic properties.

Scheme 74

Preparation of substrates for RCM reaction

MeO,C_ CO,Me MeO,C_ CO,Me 1. allyl amine MeO,C_ CO,Me
NaH 2. TsCl, Boc,0 or CbzClI
- = >
| I(CHp)sl, T1% & or Z
NHNs
| /\/ K,CO5 /\/ N. R
168 (169) R=Ts, 75%

(170) R = Boc, 59%
(171) R = Cbz, 69%
(172) R = Ns, 90%
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Table 15. Optimization of RCM for the Formation of 9-Membered Ring.

MeO,C_ CO,Me MeO,C_ CO,Me
catalyst
> solvent \
c=0.003M N
ANg R
169-172 (173)R=Ts
(174) R =Boc
(175) R = Cbz
(176) R=Ns
entry diene catalyst mol% solvent T t  conversion® yield®
[°C]  [h] [%] [%]
1 169 G1 100 DCM 40 26 >95 87
2 169 F 50 DCM 24 25 60 54
3 169 F 20 DCM 40 22 43 41
4 169 G2 50 DCM 40 21 79 43
5 169 G2 20 DCE 80 21 89 76
6 169 G2 5 DCE 80 21 75 72
7 169  G2° 5 DCE 80 21 75 69
8 169 G2 5 toluene 90 21 80 72
9 169 G2 40 DCM 24 48 >95 77
10 169 HG2 5 DCE 80 21 85 81
11 172 G1 100 DCM 40 21 66 58
12 172 HG2 5 DCE 80 20 74 57
13 169 HG2¢ 5 DCE 80 8 >95 87°
14 169 HG2® 5 DCE 80 8 >95 95°
15 172 HG2® 5 DCE 80 16 >95 93°
16 170 HG2¢ 5 DCE 80 17 >95 85°
17 171 HG2® 5 DCE 80 8 >95 89°
18 172 HG2 5 DCE 80 17 >95 66

® Determined by 'H NMR. ° Isolated yields. ¢ With Ti(OiPr),. ¢ Argon bubbled
through the reaction. ¢ Open to air. ' Run at 0.01 M. G1 = Grubbs catalyst 1, G2
= Grubbs catalyst 2, F = Fiirstner catalyst, HG2 = Hoveyda—Grubbs catalyst.
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Scheme 75

MeO,C_ CO,Me MeO,C_ CO,Me
H,, Pd/C
—_—
\ EtOAc
0,
N 96% N
\ \
Ts Ts
173 177

With a number of differently N-substituted 9-membered heterocycles
available, we were ready to test the key transannular cyclization to twisted amides.
We were delighted to discover that deprotection and cyclization of the nosyl
containing precursor 176 could be performed in a single operation to provide access
to the model [4.3.1] bridged amide ring system (Scheme 76). In contrast to 139
(Scheme 64), the cleavage of C—C bond was not observed, indicating a significant
difference in stability between [3.3.1] and [4.3.1] ring systems. Lactam 178 displayed
modest sensitivity to chromatography but could be isolated in ca. 50% yield after

PTLC.

Scheme 76

MeO,C_ CO,Me

o
Il
PhSH, Cs,CO5 CO,Me
é
CH4CN,60°C,2h 7
| 87% (NMR) <N

N 54% (PTLC)
Ns
176 178

We have also determined that the Boc-containing precursor 174 could be used

for synthesis of bridged amides although the use of Cbz carbamates could be
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problematic. In the case of 175, deprotection and cyclization occurred easily but the

amide proved to be too unstable to the hydrogenation conditions, giving the

piperidone 178 by the C—N ring cleavage reaction (Scheme 77).”'

MeO,C_ CO,Me

\

N
\
Boc
174

MeO,C_ CO,Me

\

Cbz
175

Scheme 77

o
1. Hy, PdIC |

|
2. TFA CO;Me
—_—
3. Cs,CO;,
N
73% C

179

Me

o
I o
H,, Pd/C CO,Me CO.Me
_— —_—
63% N HN 2
178 180

Fully saturated 179 showed lower sensitivity to chromatography than 178 and

could easily be obtained after standard purification on silica gel. This suggests that

the internal double bond enhances reactivity of bridged amides with a [4.3.1]

scaffold. Importantly, the three-step sequence (174—179) could be carried out

without purification of intermediates, facilitating the synthesis of the saturated amide.

As an alternative, 179 could be prepared from the nosyl precursor 176 by

chemoselective hydrogenation of the double bond (Willkinson’s catalyst),*® followed

by transannular cyclization (Scheme 78).
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Scheme 78

MeO,C_ CO,Me MeO,C_ CO,Me ‘\3\
C02Me
_Ha/RN(PPhg),CI_ _PhsH
T THF 60% C52C03 <h
78%
176 181 179

To extend the sequential RCM/transannular cyclization strategy a number of
dienes were subjected to the catalytic RCM reaction conditions to provide a family of
medium-sized rings with varying distances between the amine and the ester groups
(Scheme 79 and Table 16, step 1). In all cases RCM proceeded in very good yields;
only one ring was obtained as a mixture of cis/trans double bond isomers (Table 16,
entry 3). This study provides very rare examples of the successful formation of 9- and
10-membered nitrogen containing ring systems with minimal conformational
constraints by catalytic RCM.**"**!

Next, we determined the generality of the transannular cyclization reaction,
and demonstrated that this transformation can be utilized for preparation of a number
of twisted amide scaffolds (Table 16, step 2). When 195 was subjected to the
previously developed conditions [4.2.1] twisted amide was formed in excellent 75%
yield. Remarkably, the amide with [4.2.1] scaffold could be easily purified by PTLC
showing much superior stability to the regioisomeric [3.3.1] ring system. Thus, a

seven-membered ring appears to be crucial for the stability of one-carbon bridged

amides.
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Scheme 79

Synthesis of dienes for RCM reactions

MeO,C._ _CO,Me MeO,C._ _CO,Me

ﬁ NNHNS N ))ﬁ\

Z Br K,CO4 T F N’Ns
¢

182 (183), n=1,70%
(184), n =2, 75%
(185), n = 3, 68%

MeO,C_ _CO,Me MeO,C_ _CO,Me
\/\/ NHNs
> o F
K,CO3, 95%
1 N Ns
168 186
MeO,C_ _CO,Me MeO,C._ _CO,Me MeO,C_ _CO,Me
NaH Ay NHNs
_— -
| I(CH2)4l, 75% Z K,CO4, 88% Z
| \/\l;l
Ns
187 188
Ph_ _CO,R Ph_ _CO,R Ph_ _CO,R
NHNs
LDA s _
| I(CH,),Cl Z K,COs, Nal Z
Cl \/\';l
Ns
189, R = Me (191), R = Me, 84% (193), R = Me, 72%
190, R =Ph (192), R = Ph, 69% (194), R = Ph, 65%

Extending the larger ring by one carbon had a minor effect on the cyclization
rate. Thus the [5.2.1] lactam was obtained in 85% yield (Table 16, entry 2). Although,
the cyclization of compound 197 was found to be sluggish under initially developed
conditions, the [5.3.1] bridged amide could be generated by treatment with DBU after
deprotection (Table 16, entry 3). Although, malonate could not be used for

preparation of the [4.4.1] ring system, replacement with phenyl acetate to prevent
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decarboxylation pathways allowed for preparation of the desired compound. The
experiment in entry 7 was performed to explore the effect of the leaving group on
cyclization reaction. Replacing methoxide (pK, = 15) with phenoxide (pK, = 10)
dramatically increased the yield of the transannular cyclization, delivering the twisted

amide in excellent 86% yield.

Table 16. Synthesis of Bridged Lactams via RCM/Transannular Cyclization

Sequence.
step 1 step 2
MeO,C_ R o
))(HL MeO,C_ R /\gQ
P " Ns HG2,5mol% Ja  PhSH, Cs,CO, ),
N) C} CH;CN, 60 °C, 2 h <>mN
Wum m Ns
183-194 195-201 202-207
entry diene heterocycle amide R ring yields [%] notes
(n, m) step 1 step 2 system  steps 1/2
1 183 (1,1) 195 202 COMe [4.2.1] 90/75
2 184 (1,2) 196 203 COMe [5.2.1] 94/85 a
3 186 (2,2) 197 204 CO,Me [5.3.1] 90/64 b, ¢
4 185(1,3) 198 205 CO;Me [6.2.1] 92/41 d
5 188 (3,1) 199 206 COMe [4.4.1] 79/0
6 193 (3,1) 200 207 Ph [4.4.1] 76/33 e
7 194 (3,1) 201 207 Ph’ [4.4.1]  60/86 g

® Step 2 run for 13 h. ® Compound 197 obtained as 5:1 mixture of Z/E isomers. ° Step
2: (i) PhSH, Cs,COs3; (ii) DBU, PhMe, 200 °C, 3 h. ¢ Step 2: (i) PhSH, Cs,CO:s; (ii)
DBU, PhMe, 180 °C, 12 h. © Step 2: (i) PhSH, Cs,COs3; (ii) DBU, PhMe, 220 °C, 10
h. " PhO,C instead of MeO,C. ¢ Step 2 run at 110 °C for 16 h.
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As a testament to the efficiency of this methodology, we demonstrated that the
RCM/deprotection/cyclization reactions could be combined in a one-pot process to
deliver a previously inaccessible [5.2.1] ring system from a very simple acyclic

precursor in a single-pot operation (Scheme 80).

Scheme 80
MeO,C CO;Me MeO,C_  CO,Me <
PhSH !
HG 2, 5 mol% Cs,C03 > COzMe
= -Ns o =
N C,H.Cl,, 80 °C \ | CH4CN, 80 °C CN

N Ns 67%

184 not isolated 203

Another advantage of the sequential RCM/transannular strategy is the ease of
preparation of the diene precursors for the RCM reaction. In most cases the required
dienes are synthesized in 2-3 steps from commercially available materials (Scheme
79). In contrast to the Fukuyama’s amine synthesis, often plagued by undesired side-
reactions during the preparation of precursors, the dienes are chemically inert until
the RCM step. This property bodes well for the use of this methodology for synthesis
of bridged amides with diverse substitution patterns. The overall synthesis of the
lactam 178 featuring a [4.3.1] scaffold proceeds in four steps from dimethyl allyl
malonate, matching the efficiency of the Schmidt reaction in the synthesis of the same
type of bridged amides.

The examination of different ring systems allowed us to determine the relative

rates of the transannular amidation reactions. Tables 17 and 18 show the conditions
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utilized for cyclization of the most difficult to close ring systems. The closure to
[5.3.1] system was sluggish in refluxing toluene (Table 17, entry 5). The optimum
results were obtained upon short exposure to high temperatures (entry 9). However,
the reaction time had to be carefully controlled to prevent decomposition (entry 7).
The cyclization to the isomeric [4.4.1] system was even more difficult. With dimethyl
malonate, conversion was not observed in refluxing toluene, and decomposition
occurred at higher temperatures (Table 18, entry 3). With methyl phenyl acetate, the
cyclization proceeded between 200 and 220 °C (entries 4 and 5). The facility of the
closure could be dramatically improved by using a better leaving group (entry 7). The
above results suggest that the relative rates for the transannular cyclization reaction

are in following order: [4.2.1] > [4.3.1] > [5.2.1] > [5.3.1] > [6.2.1] > [4.4.1].

Table 17. Transannular Cyclization to a [5.3.1] Ring System.

MeO,C_ CO,Me o)
, base )‘ﬁonG
[5.31]

entry base solvent T [°C] t[h] conversion [%]
1 Cs,CO;  CH3CN 60 3 <5
2 Cs,CO;  Toluene 110 1 <5
3 Cs,CO;  CH3CN 150 1 <5
4 NaH THF 60 14 <5
5 DBU Toluene 110 17 6
6 DBU Toluene 110 48 24
7 DBU  Toluene 140 24 >95P
8 DBU Toluene 180 3 46
9 DBU Toluene 200 3 >95°¢
10 DBU THF 180 3 23

* Determined by 'H NMR. ° Isolated in 20%. € Isolated in 65%.

109



Table 18. Transannular Cyclization to a [4.4.1] Ring System.

R; CO.R, ‘ﬁ‘ .
@ base C/p{s
N [4.4.1]
entry R R,  base solvent T [°C] t[h] conversion[%]
1 CO,Me Me DBU Toluene 110 2 <5
2 CO,Me Me DBU Toluene 180 12 <5
3 CO;Me Me DBU Toluene 220 5 decomp.
4 Ph Me DBU Toluene 200 20 <5
5 Ph Me DBU  Toluene 220 10 60°
6 Ph Ph CS2C03 CS2C03 60 2 5
7 Ph Ph  DBU Toluene 110 16  >95°

* Determined by 'H NMR. ° Isolated in 34%. € Isolated in 86%.

Using RCM/transannular cyclization strategy we attempted to prepare two
additional scaffolds of bridged amides, the relaxed [5.4.1] system (Scheme 81) and
strained [5.1.1] system (Scheme 82). In both cases RCM reactions proceeded
uneventfully. However, transannular lactamization to [5.4.1] system did not occur
(only the starting material was observed by NMR), while the [5.1.1] system behaved
similarly to the o-unsubstituted [3.3.1] scaffold (Scheme 62, decomposition

depending on temperature). Both of these systems should be accessible when a better

leaving group is installed, as was the case with [3.3.1] ring system.
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Scheme 81

Ph_ _CO,Ph Ph_ CO,Ph “3‘
Ph
pZ HG 2, 5 mol% / 1. PhSH, Cs,C0;, 80% CN
_ L
80°C,25h 2. DBU, PhMe, 110 - 220 °C
N 79%
z N o N [5.4.1]
Ns
Ns 0%
208 209
Scheme 82
o)
MeO.C, COMe MeO,C_ CO,Me MeO,C_ CO,Me Il
1. PhSH, Cs,CO, co,Me
A "Npy HG 2, 5mol% 93% @
_— —_— —_—
V NH K,CO;,38% .~ N 80°C,2h \ N_  2.DBU, PhMe, N
Ns Ns 77% Ns 110 - 200 °C [5.1.1]
A 0%
210 211 212

Having prepared six different ring systems of bridged amides, we briefly
explored the influence of strain on the properties of these compounds. We chose
hydrogenation reaction as a test reaction. Previously we reported that some twisted
amides undergo an unprecedented C—N cleavage reaction under mild hydrogenolysis
conditions.”’ When twisted amides prepared in the current study were subjected to
standard hydrogenation conditions, [4.3.1] and [4.4.1] systems showed the highest
reactivity, participating in C—N cleavage to afford the corresponding monocyclic
amides (Scheme 83a). In contrast, [4.2.1], [5.2.1], [5.3.1] and [6.2.1] scaffolds were
less reactive, undergoing only the traditional reduction to the saturated analogues
(Scheme 83b, only products shown). As expected, allylic olefins are more susceptible

to hydrogenolysis than isolated  bonds; the control reactions with saturated amides
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179 and 37 bearing [4.3.1] ring system resulted only in the recovery of starting
materials. It should be noted, however, that the only other bicyclic amide that had
been previously noted to participate in the C—N cleavage reaction so far also contains
an internal double bond (53, hydrogenation under high pressure). Possibly, the
presence of internal olefin increases the strain and hence the reactivity of bicyclic
bridged amides (see also Schemes 77 and 78). Interestingly, when hydrogenation of
[4.4.1] ring system was carried out in the presence of Willkinson’s catalyst, the amide
bond remained intact (Scheme 83c¢).

Intriguingly, the reactivity of twisted amides in the hydrogenation reaction
does not follow the trend predicted from the cyclization rates to twisted amides and
from the comparison of spectroscopic properties of these compounds (see Table 19).
These results suggest that the N-C cleavage reaction of distorted lactams depends
more on the alignment of the bond that is being cleaved relative to the amide C=0

system than on the inherent strain of the amide bond.”'
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Scheme 83

o Me o
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One of the goals of our study was to obtain a family of bridged amides with
varying ring systems to allow systematic investigation of the twist influence on
spectroscopic properties of bridged lactams.”® Although most of the amides prepared
so far do not contain perfectly orthogonal amide bonds, these compounds exhibit
more downfield shifts in °C NMR spectrum and higher stretching frequencies in
infrared spectrum corresponding to the amide bonds (Table 19). This is consistent
with a considerable degree of twist and ketone-like character of these amides. As
expected, some of the relaxed ring systems have spectral properties close to those of

the fused amides.
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Interestingly, the infrared stretching frequencies of one-carbon bridged
lactams cover a spectrum that starts in the range for planar amides (entry 6), and ends
close to that of a traditional ketone (entry 1). This suggests that the family of one-
carbon bridged amides is well-suited for the systematic evaluation of the effect of

geometry on properties of amide bonds.

Table 19. Comparison of Spectroscopic Properties of Saturated Lactams.

entry lactam q-substituent ring system C=0 “C NMR IR ve-o

[ppm] [em™]
1 215 CO,Me [4.2.1] 183.4 1716
2 216 CO,Me [5.2.1] 180.1 1693
3 218 CO,Me [6.2.1] 173.4 1685
4 179 CO,Me [4.3.1] 181.0 1679
5 217 CO,Me [5.3.1] 176.6 1647
6 214 Ph [4.4.1] 186.3 1643
7 37 Ph [4.3.1] 184.4 1668
8 153 Ph [3.3.1] 199.5 1730
9 27 Ph* [5.3.0] 172.4 1635
10 219 CO,E¢" [5.3.0] 173.2 1630

2 Reference 188. ° Reference 173.

It is likely that the RCM/transannular strategy could also be applied for the
preparation of a set of distorted amides with varying distortion parameters. This in
turn, will allow for the systematic investigation of the strain influence on the chemical

and biological properties of amide bonds.
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Oxidative cyclization approach. In an effort to improve synthesis of
distorted lactams, we briefly examined the possibility of using radical cyclizations as
a method for preparation of one-carbon bridged amides.

Although only bridged lactams with relatively relaxed ring systems could be
prepared by direct Sx2 displacement (e.g., the [6.3.1] ring system),”” we expected that
a radical cyclization might overcome the inherent strain associated with the formation
of bridged amide bonds. It is well precedented that manganese (I1I) acetate-mediated

267-269

radical cyclizations**® and oxidative enolate couplings can be used for synthesis

of strained bridged systems (Scheme 84).

Scheme 84

Mn(OAc);
Cu(OAc
( )2 CO,Et
%
o N Mn(OAc);
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However, when we subjected B-amidoesters with pendant olefins to the
manganese acetate-mediated radical cyclization, only oa-hydroxylated products were
obtained. Clearly, the radical was unable to react with the olefin and was instead
eventually trapped by acetate or oxygen. This suggests that the cyclization to bridged

amides cannot occur due to a large distance between the radical and the olefin

(Scheme 85).

Scheme 85
o/\/ o/\/
o o
o o
=<N CO,Et Mn(OAc); =<N CO,Et
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220 221

\
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o Mn(OAc); o
6/0023 CH.ON 80°C 28t é<cozEt
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o Y o Y
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COEt — —— 5B 5 CO,Et
N N
OH
224

CH3CN, 80 °C, 24 h
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225
Similarly, attempts to prepare bridged amides by oxidative enolate coupling

resulted in complex mixtures, arising from side reactions of the radicals (Scheme 86).

Again, the desired products were not detected in the crude reaction mixtures.
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Scheme 86
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Having in sight more viable routes to bridged amides, we did not further
pursue the oxidative cyclization approach. However, these results emphasize the
difficulty in synthesis of bridged lactams as compared to other strained systems which

do not contain bridged amide moieties.
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Summary. Synthesis of one-carbon bridged amides using different
approaches has been investigated. Electrostatic cation—m control between aromatic
ring systems and the leaving diazonium cation in the intramolecular Schmidt reaction
provides efficient access to amides with [4.3.1] ring systems. This reaction occurs by
the uncommon migration of the distal C—C bond relative to the reactive ketone. The
selectivity of the rearrangement depends on the electron density on the aromatic ring
system. The reactive conformation of the azidohydrin intermediate must be locked to
prevent the exclusive migration of the C—C bond proximal to the ketone.

Electrostatic cation—n control between the lone pair of electrons on the
heteroatom and the diazonium cation in the Schmidt reaction also provides access to
bridged amides with [4.3.1] and [5.3.1] ring systems. This method does not require a
locked conformation of the azidohydrin intermediate, significantly expanding the
scope of the Schmidt reaction in the synthesis of bridged lactams. In addition, a
thiomethyl substituent, which is used as a directing group, can be readily modified to
furnish additional examples of twisted amides, following initial ring expansion.

In addition to providing access to one-carbon bridged amides, which are very
difficult to synthesize using alternative routes, another highlight of the Schmidt
methodology is the application of electrostatic cation—t and cation—n interactions to
control the regiochemistry of this reaction. The synthesis of bridged amides from
conformationally flexible ring systems constitutes one of the first examples of

utilizing cation—n effect in organic chemistry.
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Transannular cyclization strategy has been found to allow synthesis of bridged
amide scaffolds not available by the Schmidt reaction. The major difficulty in this
approach is the synthesis of appropriately functionalized medium-sized heterocycles
to serve as precursors to bridged amides. The initial route relied on Fukuyama’s
amine synthesis and permitted the synthesis of a bridged amide with [3.3.1] scaffold.
This amide contains one of the most distorted amide bonds prepared to date.

The application of ring-closing metathesis allowed for significant
improvements in the synthesis of nitrogen-containing heterocycles set up for the
cyclization step to bridged lactams. The following transannular condensation has
been successfully applied to the preparation of six different ring systems of one-
carbon bridged amides. These compounds, as evidenced by their spectroscopic
properties, span a wide range of amide bond distortion. Depending of the geometry of
the amide bond, the hydrogenation of bridged amides provides fully saturated
analogues or results in hydrogenative cleavage of C—N bond.

Overall, both the Schmidt reaction and the transannular cyclization
approaches have been shown to provide general routes to one-carbon bridged amides.
As a result of this work a variety of bridged amide systems is now accessible, some of
them by alternative methods. This will allow for a systematic study of the twist
influence on chemical and biological properties of amide bonds. In addition, the
lower limits for the scaffold-dependent stability of one-carbon bridged amides have

been set.
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Chapter 3

Reactivity of Medium-Bridged Twisted Amides

As described in the introductory chapter, due to the limited conjugation of
amide bonds, distorted amides exhibit reactivity dissimilar to traditional amides. In
general, C=0 group is more electrophilic than in planar amides, while nitrogen,
depending on the twist of the amide bond, might behave as a basic amine. Despite the
considerable synthetic potential of these amides, there are very few reports addressing
the reactivity of bridged amides. Indeed, the reader may note that a// known examples
are presented in the introductory chapter. Furthermore, the fundamental question of
just how much distortion is necessary for the shift from the amide-like to the keto
amine-like reactivity of amide bonds has remained largely unanswered.

The discovery that the intramolecular Schmidt reaction affords tricyclic and
bicyclic bridged amides with [4.3.1] scaffold provided us with the opportunity to
explore the properties of bridged amides in which the amide bond is almost exactly
half-way rotated. The initial studies of Aubé’s group focused on a novel C—N bond
cleavage reaction, clearly demonstrating that synthetic potential of bridged amides
extends far beyond the enhanced reactivity towards hydrolysis (Scheme 30).’
Furthermore, Lei and Aubé'® discovered a number of intriguing reactions of bridged
lactams, including the isolation and the first crystallographic characterization of N-

protonated amides, synthesis of isolable hemiaminals upon reduction of tricyclic
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amides with mild NaBHy, and the collapse of hemiaminal corresponding to amide 53
with the cleavage of an unactivated C—C bond (Schemes 31 and 32).

Accordingly, we were interested in further expanding the scope of reactivity
of bridged amides. First, we wished to investigate whether the unique placement of
nitrogen next to a heteroatom in a bridged twisted amide could deliver compounds
that cannot be prepared from unstrained lactams. Secondly, we wished to further
examine nucleophilic addition reactions to the carbonyl group and electrophilic
activation of the nitrogen, with the major goal of identifying the border of the keto
amine-like reactivity of bridged amides. However, the study that would lay the
foundations for investigation of reactivity of bridged amides was the examination of

hydrolytic stability of one-carbon bridged amides.>*

Hydrolytic stability of one-carbon bridged amides. Due to the limited
nN—T*c=o donation (with resulting enhanced electrophilicity of the amide carbonyl
group), the vast majority of bridged amides is unstable to aqueous conditions. This
hydrolytic instability is the major factor complicating the synthesis and isolation of
some of the more distorted bridged amides and has prevented a thorough
investigation of the properties of bridged lactams.'' Comparison of the rate constants
for hydrolysis of 2-quinuclidone derivatives with the notoriously unstable B-lactam

antibiotics underscores the difficulty of synthetic manipulations with bridged amides

(Table 1).
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While very few bridged amides are both reactive electrophiles and stable in

. 12 81, 16
protic nucleophilic solvents,®" '®7

the hydrogenolysis study of one-carbon bridged
amides (Scheme 30, typically performed in MeOH or EtOH) suggested that one-
carbon bridged lactams do not readily decompose upon exposure to alcohols. In a
preliminary investigation, Lei and Aub¢é demonstrated that incubation of tricyclic
amides at different pH conditions resulted in the recovery of the parent amides,

suggesting unprecedented levels of hydrolytic stability.'®

Now, we wished to
examine the stability of one-carbon bridged amides in greater detail, aware that
elucidation of limits of the hydrolytic stability would also facilitate the study of other
chemical properties of one-carbon bridged amides.

Our investigation started with a set of simple extraction experiments of the

tricyclic amide 229, readily available from the Diels-Alder/Schmidt reaction sequence

and characterized by twist angle (t) of 50° (Figure 15 and Table 20).”!

229 230 53
(o} (o} (o} [0} (o}
N Me N H N N OMe N SMe
Me
t-Bu t-Bu t-Bu
231 3 34 35 58

Figure 15. Amides used in the study of hydrolytic stability of one-carbon bridged

lactams.

122



Initial studies were carried out using acetonitrile as a solvent due to a good
solubility of 229 in this solvent. Thus, samples of 229 were dissolved in acetonitrile
and either water or an aqueous solution of NaOH or HCI was added to afford ca. 4:1-
24:1 CH3;CN:aqueous solution ratio (Table 20 entries 1-3). This was vigorously
stirred for ca. 20 h and extracted with ethyl acetate. A typical twisted amide
(including bridged amides with a twist angle much lower than that corresponding to
229; see Table 1) would be expected to exclusively afford amino acid following
treatment with such conditions. However, unchanged 229 could be recovered in high
yield from the above experiments. In addition, samples of 229 could be directly
recovered from strongly acidic solutions without prior neutralization of the reaction
mixtures.

We found that the reaction time could be extended to one week under acidic
conditions (entry 4), and the temperature increased to 80 °C under basic conditions
(entry 5) with no changes in recovery levels of 229. The only irreversible chemical
reaction occurred when 229 was heated to reflux in HCl/acetonitrile mixture (entry
6). However in this case, the cleavage of the C—N bond adjacent to the amide bond
occurred, while the amide bond remained intact. This reaction resembles the cleavage
of the C—N bond upon hydrogenation of tricyclic amides and highlights the unusual

reactivity of a twisted amide bond constrained in a bridged system.’'
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Table 20. Extraction Studies of Lactam 229.

entry  conditions® time, temp result
1 1:4 H,O/CH;CN 20 h, rt >85% recovery of 229
2 1:8 aqg NaOH/CH3CN (pH ca. 14) 20 h, rt >85% recovery of 229
3 1:24 aqg NaOH/CH3CN (pH ca. 14) 22 h, 80 °C >80% recovery of 229
4 1:8 ag HCI/CH;CN (pH ca. 1) 20 h, rt >80% recovery of 229
5 1:8 ag HCI/CH;CN (pH ca. 1) 8 days, rt >85% recovery of 229
6  1:24 aqg HCUCH;CN (pH ca. 1) 23 h, 80 °C conversion to 232°

The pH values refer to the aqueous layers. ° 95% yield.

Scheme 87
organic layer : aqueous layer
I
H
OH N
HO OH
232 (conjugate base) 292+H,0 (hydrate)

Ar E Ar
:H ' i H
i E = acnd acnd
N ——= N N
o : o
229 : 229

229 (conjugate acid)

NH

OH
233
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The recovery of 229 is consistent with two scenarios. The one-carbon bridged
amide linkage could be thermodynamically stabilized in the medium-sized
heterocycle. Thus, the dissolution of 229 in an aqueous environment would result in
reversible hydrolysis, with re-closure to the parent amide occurring during the
extraction with organic solvents. Alternatively, the amide bond in 229 could be
kinetically stabilized towards hydrolysis. Some of the species that could be present
upon treatment of 229 with acidic or basic conditions are presented in Scheme 87.

To address the question of thermodynamic or kinetic stability of 229 we
performed a set of NMR experiments. Thus, 229 was dissolved in THF-ds, treated
with D,0, DCI or NaOD, respectively, and the solutions were examined by NMR
(Scheme 88). The resonance of the carbonyl group in C NMR provided the most
useful information about the species present in the solution (Figure 16 and Table 21).
The chemical shift of the signal corresponding to the carbonyl group in CDCl;
appears at 187 ppm and at 185 ppm in THF-ds (Figure 16a and Table 21). Upon
dissolution in 1:1 D,O/THF-ds this signal moves slightly downfield to 189 ppm
(Figure 16b), while the rest of spectrum bears a close similarity to the spectrum of
229 in CDCls. The broadening of the carbonyl signal observed in Figure 16b most
likely results from hydrogen bonding to water and is typically observed for aqueous
solutions of amides. These results indicate that 229 is kinetically stable under neutral

conditions.
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Scheme 88
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Figure 16. °C NMR spectra of compound 229 in (a) CDCL;, (b) 1:1 D,O:THF-dj, (c)

1:6 DCI (1 N in D,O)/THF-ds and (d) 1:6 NaOD (1 N in D,O)/THF-ds.
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Table 21. °C NMR Carbonyl Shifts of Lactam 229 and Its Derivatives.

entry  conditions assignment shift [ppm]

1 CDCls 229 187.1

2 THF-ds 229 185.0

3 DMSO-ds 229 186.2

4 1:1 D,O/THF-ds 229 189.6

5 1:6 DCI (1 N in D,O)/THF-ds 232 (conjugate acid) 178.5
229+H,0 (hydrate) 106.1

6 1:6 DCI (1 N in D,O)/DMSO-ds 232 (conjugate acid) 178.5

229 (conjugate acid) 176.9
229+H,0 (hydrate) 104.9

7 1:6 NaOD (1 N in D,O)/THF-ds 232 (conjugate base) 182.3
8 1:6 NaOD (1 N in D,O)/DMSO-ds 232 (conjugate base) 179.0
9 CDCls 229 176.9

In contrast, at pH ca. 1, several species were observed by C NMR. We
assigned the predominant peak in the THF-ds solution at 178 ppm to the N-protonated
form of 232 (Scheme 87 and Figure 16c¢), and the minor peak observed at 106 ppm to
the hydrate 229H,0, also protonated at nitrogen (Table 21, entry 5). Interestingly,
when 229 was dissolved in DMSO-djs at pH ca. 1, in addition to the same two species
observed in THF-ds, the N-protonated form of 229 was present (Table 21, entry 6).
The shift of 176.9 ppm is in very good agreement with fully characterized N-

protonated salts of tricyclic lactams.'®
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At pH ca. 14, the carbonyl signal of 229 was replaced by an upfield resonance
at 182 ppm. In this case, the most reasonable assignment is the conjugate base of the
amino acid 232 (Scheme 87). This assignment is consistent with values observed for
simple carboxylic acids (for example, the carbonyl of acetic acid in CDCl; appears at
178.1 ppm and the corresponding signal for the conjugate base is at 181.5 ppm in
aqueous solution).””’

The presence of various species arising from 229 under highly acidic and
basic conditions was supported by mass spectrometry measurements taken from
samples prepared as described above (Table 22). Aliquots from each experiment were
diluted by the solvents indicated in Table 22 to prepare them for ionization. Thus,
only the starting lactam 229 was observed in samples dissolved in D,O/THF (entries
1 and 2). Note a remarkable difference in stability between 229 and the lactam 153
with [3.3.1] ring system (Table 14). Under basic conditions (entries 3-6) the parent
lactam 229 or the corresponding amino acid 232 is observed, depending on the
solvent used for ionization. Samples of 229 dissolved under acidic conditions (entries
7-10) indicated the presence of both 229 and 232. The ratio 229/232 was also
dependent on the solvent used for ionization, with higher contribution of 229
observed when water was used as a diluent vs. either THF or acetonitrile. In addition,

the methyl ester of 232 was observed when samples for MS experiments were

prepared by dissolution with MeOH/water/aqueous formic acid mixtures (entry 9).
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Table 22. ESI MS Experiments with Lactam 229."

entry conditions solvent exact mass assignments

1 1:1 D,O/THF THF 346.0818 229

2 1:1 D,O/THF H,O 346.0797 229

3 1:6 NaOD (1 Nin D,O)/THF THF 346.0856 229

4 1:6 NaOD (1 Nin D,O)/THF CH3;CN 346.0792 229

5 1:6 NaOD (1 Nin D,O)/THF H,0 364.0918 232

6 1:6 NaOD (1 Nin D,O)/THF DMSO 364.0920 232

7 1:6 DC1 (1 N in D,O)/THF THF 346.0752; 229 and 232
364.0903
(ratio ca. 1:1)

8 1:6 DC1 (1 N in D,O)/THF H,O 346.0722; 229 and 232
364.0913

9 1:6 DC1 (1 N in D,O)/THF MeOH/H,O 346.0761; 229 and the

/HCOH 378.1022 methyl ester

(ratio ca. 3:1) 0f232

10 1:6 DC1 (1 N in D,O)/THF CH;CN 346.0776; 229 and 232
364.0916

(ratio ca. 1:1)

* Relevant HRMS calculations: HRMS calcd for Ci;sH, BrNO (M™ + H) 346.0806
(compound 229); HRMS caled for C;gH»;BrNO, (M™ + H) 364.0912 (compound
232); HRMS calcd for CoHasBrNO, (M* + H) 378.1069 (methyl ester of compound
232). ® Solvent used for ionization.

Overall, NMR and MS data obtained with lactam 229 are consistent with both
kinetic and thermodynamic stability o