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Abstract

Chapter 1 introduces the traditional organic chemistry of pyridine with an
emphasis on its dearomatization. Organometallic methods of dearomatization are also
discussed. Strategies for averting nitrogen coordination (i.e. kN) in favor of haptotropic
(i.e. n%, n*, n° pyridine coordination are discussed, as well as known modifications of
these carbon-coordinated pyridines. The work previously performed by our group with
{TpW(NO)(PMes)} and our strategy to utilize this fragment is introduced.

Chapters 2 and 3 report our findings on the large scale synthesis of n-pyridine
complexes of tungsten, utilizing a borane-protection strategy to avert kN coordination.
The reactivity of complexes that result from the removal of the borane and replacement
with alternative electrophilic groups are investigated. In particular, we have found that
an acetyl group provides an isolable N-acetylpyridinium complex, which allows for the
mild regio- and stereoselective modification of the pyridine ring with nucleophiles.

Chapters 4 and 5 report on the fundamentally new chemistry of pyridine that
results from the coordination of the {TpW(NO)(PMes)}. Tandem electrophilic followed
by nucleophilic additions and cycloadditions with 1,2-dihydropyridine (DHP) complexes
are reported. These findings suggest that the metal coordination reverses the
polarization of the pyridine ring carbons such that electrophiles add a-to-N rather than
B-to-N. Importantly, we report the isolation of new 2-, 3-, or 4-substitituted piperidine
compounds that result from this methodology.

Chapter 6 reports pyridine ring scission with nucleophiles capable of delivering 4

e (20, 2m) to the pyridine ring. The resulting conjugated complexes were probed for



iii
fluorescent activity. While none was found for the metal complexes, photolysis liberated
an organic cation that did display fluorescence.

Chapter 7 discusses our discovery of highly distorted allyl complexes of
{TpW(NO)(PMes)}. Here we endeavor to understand the origin of the large distortions
and orientations of allyls observed in crystal structures and reproduced by density
functional theory (DFT) calculations. We propose that the nitrosyl is responsible for the

distortion, while Tp is responsible for the orientation of the allyls distal to PMes.
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Chapter 1

A Brief Introduction to the Chemistry of

Pyridine and its Derivatives



Prevalence and Properties of Pyridine:

Heterocycles and their derivatives are found in numerous naturally occurring
organic compounds and are commonly biologically active. Therefore, heterocycles
attract a lot of attention from the synthetic chemistry community. Pyridines, a large
class of aromatic heterocycles, is no exception. Nicotine,® epibatidine,2 and anabasine®
are a few selected examples of natural products incorporating six-membered rings
containing nitrogen (Figure 1). Other attractive attributes of pyridines include their
commercial availability, often in large quantities, at a low cost, and their utility as high-

boiling basic solvents.*

H
TN 7 N
~ _ H
N N N
Nicotine Epibatidine A .
. (Powerful nabasine
(Stimulant) analgesic) (Teratogen)

Figure 1: Natural products containing the pyridine core. Compound activities are listed

below their names.

Pyridines contain three double bonds. Given the right mindset and tools, these
sites of unsaturation can be thought of as ideal starting materials to serve as the
foundation of larger scaffolds of the saturated forms of pyridine, known as piperidines

(Egn. 1). Selective saturation of these sites has the potential to produce compounds
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resembling natural products or provide access to entirely new chemical space, both of

which have potential to produce biologically-active compounds.

R4
Rs R3
AN R —
| ——.
N” R N Ry
Ry
Pyridine Piperidine
(R =H)

Egn. 1

There are several barriers preventing mild modification and selective saturation
of pyridine. First, pyridine is affected by a special resonance stability known as
aromaticity. This special stabilization occurs when three or more conjugated double
bonds are oriented in a cyclic structure containing (4n+2)nt electrons, where n = 0 or
natural numbers. The atomic bond lengths and 'H NMR chemical shifts of pyridine (and
other aromatic systems) are affected by aromatic stabilization (Figure 1). For example,
instead of possessing bonds of distinct single or double bond character, pyridine bonds
are all of intermediate length. Also, 'H NMR chemical shifts for protons at the three and
four position of pyridine are significantly shifted downfield in 'H NMR relative to that of
unconjugated alkenes (~5-6 ppm) due to an anisotropic effect.”® The 'H chemical shift
for H2 is largely unaffected by aromaticity, as it is a typical chemical shift for aldimines.
The differences observed in bond length and chemical shifts indirectly imply that the
reactivity of pyridine should be quite different than that of its isolated functional

groups.



(HyH,4
(HB)H3~ A\ y
T
(Ho)H;~ "N N N

Bond Lengths

1 13
Standard Pyridine H 5 (ppm) C 3 (ppm)

C-N:1.47 N-C2: 1.34 H2 8.62 C2 149.9
C=N:1.28 !

C2-C3: 1.38 | H3 7.29 C3 123.8
C-C: 153 |

C3-C4: 138 | H4 7.68 C4 136.0

Figure 2: Resonance forms and experimental data for pyridine.

Chemical shifts in CDCl3.>®

Chemical Modification of Pyridine:

In most cases modification of the pyridine ring, requires aromatic stabilization to
first be broken, or temporarily disrupted (Note: one example of an exception to this
general statement is ortho-lithiation of pyridine; vide infra). With regard to electrophilic
aromatic substitution (SgAr), this is even more difficult to do for pyridine relative to its
carbocycle congener, benzene, due to the inductive effect of nitrogen reducing the
overall electron density of the system. The second barrier to activation of pyridine
results from the orthogonal lone pair of electrons on the nitrogen. These electrons

preferentially react with electrophiles to generate pyridinium compounds, rather than
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allowing electrophiles to react directly with the aromatic m system under strongly

electrophilic conditions (Scheme 1).

Q- Q0

E+ N N
Pyridinium EAS

Product

Scheme 1: Preferential formation of pyridinium compounds rather than SgAr products.

It is not unheard of that pyridine carbon atoms undergo S¢Ar, but quite harsh
reaction conditions are needed to effect these reactions. SgAr reactions of pyridine are
hampered by the kinetic formation of N-subtituted pyridinium species with
electrophiles. For example, heating Cl, or Br, with AICl; or in fuming sulfuric acid,
respectively, can induce SeAr halogenation.” Alternatively, mercuration or nitration SgAr

can be achieved by heating with Hg(OAc), and NaCl (aq), KNO3 and H,SO,4, or HNO; and

Na25205.8'10
. ! Hg(OAc),; 180 °C
Br,, 130 °C, Br | NaCl (aq) Hg(OAc)
@ 66% Fuming Sulfuic Acid _ @ ! O 50% O
86% i N ° N
N N .
Cl E KNO3, H2804, N02
@ Cl,, AICls, 100 °C ©/ - [() —scasnen . ()
- 33% N ; < or HNO; (conc.) N
: (CF3CO)0,

Na,S,05 (83%)

Scheme 2: Examples of SgAr with pyridine.
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When electrophiles perform SgAr reactions at carbon, addition occurs B-to-N.
Because nitrogen is the most electronegative element in pyridine, electron density is
stabilized on the nitrogen and polarizes the ring such that carbons B-to-N are

nucleophilic while carbon atoms a and y-to-N are electrophilic (Figure 3).

Figure 3: Polarization of pyridine.

One of the most common uses for pyridine,"* and more so for 4-N,N-

dimethylaminopyridine (4-DMAP),*> '3

is catalytic acylation of amines and alcohols with
acetic anhydride (Scheme 3). Pyridines are better nucleophiles than alcohols and serve
to displace the acetate group and activate the acyl group to weaker nucleophiles.
Pyridine then acts as a better leaving group and activates the acyl group by producing a
more electrophilic carbon in a charged intermediate (i.e. the C=0 of the acylpyridinium).

This cycle is facile because pyridine’s aromaticity is maintained, making it difficult for

mild nucleophiles to react with the pyridine throughout the catalytic process.



@ RXH

X=0,RN
N
ST ) 4N,

Scheme 3: Catalytic acylation cycle.

Nucleophilic aromatic substitution reactions with strong nucleophiles such as
Grignard reagents occur at a and y positions of the pyridine ring to produce varying
mixtures of regioisomeric products (Scheme 4). Addition to these positions allows the
most electronegative element, nitrogen, to stabilize the anionic charge until such time
that an anionic leaving group can be lost. When substituents are incorporated into the
pyridine that can act as leaving groups (i.e. halogens), nucleophilic aromatic substitution
becomes more facile and can even occur at the B position, although the rate of

deprotonation is slower than that of a and y leaving groups.****>

Nu Nu

N MNu ~N + Oxidation X X
DL B - .

N N Nu N or loss of MH N/ Nu N/

Scheme 4: Nucleophilic aromatic substitution of pyridine.

Additional methodologies that are capable of modifying pyridine while

maintaining its aromaticity include lithium halogen exchange and palladium cross-
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coupling reactions (Scheme 5).'° Both of these methodologies change the nature of the
carbon atom formerly attached to the halogen from being susceptible to nucleophilic
attack, to itself effectively being a nucleophile. These conditions can be utilized to add

electrophiles a-to-N, which is difficult otherwise.

Hal

-
@al 1) Pd(0) %E
N 2)ER (/j

N
Scheme 5: Lithium halogen exchange and palladium cross-coupling reactions of

halogenated pyridines.

Disruption of pyridine’s (and more easily, pyridinium’s) aromaticity by organic
methods can be achieved by reduction of the pyridine ring with H, or H sources to
generate semi-saturated or saturated pyridines, in some cases enantioselectively
(Scheme 6).%**%1 When electron-rich 1,2-dihydropyridines are produced, they can

undergo [4+2] Diels-Alder cycloadditions.zz'27



O
N N
N Ny [Red] . ’
(Jal) —

N” N N —

. () O —

N [4+2] NR
R

\

R
Scheme 6: Reduction of pyridine or pyridinium and

[4+2] cycloaddition with 1,2-dihydropyridines.

Other methods of dearomatization include nucleophilic addition to pyridine or
acyl-pyridinium salts. As mentioned above, nucleophilic addition to pyridine often
results in regiosomeric mixtures of a and y addition compounds. Some methodologies
involving additives (e.g. triflic anhydride)? or directing groups (e.g. OMe, TMS)*® have
been employed to effect regioselective a or y nucleophilic addition.

One of the rare cases of regioselective addition at the y position of pyridine was
reported in 2005.” When triflic anhydride, pyridine, and electron-rich arenes (or
heterocycles) are mixed together at low temperature (-30 °C), exclusive nucleophilic
addition at the y position occurs within 30 minutes (Scheme 7). When allyl tributyl tin
was used as a nucleophile, a 2:3 mixture of 1,2- and 1,4-addition products was
observed, while solely 1,2-addition product was isolated when a "CN source was used.
These results indicate that selective 1,4-dihydropyridines synthesis with Tf,0 is limited
to electron-rich aromatic compounds but not for other mild nucleophiles. Oxidation

proceeded quantitatively to generate 4-substituted pyridines.
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= | Tf,0, Nup, - Nua, XN [O] Nua, =
N B — |
DCM, -30 °C X N‘Tf N

Scheme 7: Regioselective y addition to pyridine.

Alternatively, dearomatization methodologies that produce selective a
nucleophilic addition of pyridinium salts have been more thoroughly explored. In
particular, the Comins group has utilized 3-trialkylsilyl-4-methoxypyridine (alkyl = methyl
or isopropyl) as a versatile starting material (Figure 4).>> The methoxy and silyl groups
both serve to sterically prevent nucleophilic addition at the y position and one of the a
positions of the pyridine ring, leaving only one position of the pyridine ring accessible to
nucleophilic addition. When a chiral chloroformate group is used to generate the N-
acylpyridiniums salts of Comins’ pyridines, nucleophilic addition (with Grignards, zinc
enolates, etc.) thus becomes regio- and stereoselective at the a position of pyridine.
Hydrolysis of the methoxy substituent and removal of silyl groups generates a wide
range of very useful starting materials that have led to the elegant enantiomerically
pure syntheses of more than 40 natural products.30

Utilizing a similar but, as of yet, less developed strategy to Comins, Charette®!

and Marazano®* ** have utilized chiral pyridinium salts as starting materials to develop

fairly complex enantiomerically enriched piperidine compounds (Scheme 8).



Comins' Pyridines
~o $ -
_— SLR
|
N
~0 '.Q < O
_ Si R — = Ej .
- .
~F Cl RY °N
|
| *
CO,R* CO5R
Comins

Pyridinium Salts

/ 1,2-addition \

(RCeCl,, "H™)

O
i \ Electrophilic substitution
Enolate alkylation Ve
or acetoxylation || =—— [2+2] Photocycloaddition
RY °N NG

Recoverable __,. cI:ozR* 1,4-addition or reduction

Chiral (RCu, RLi, RPd, "H™)
Auxiliary

> 40 enantiomerically
pure natural products

N-Acyl-2,3-dihydro-4-pyridones

Figure 4: Summary of Comins’ methodology.
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Scheme 8: Examples of piperidine compounds synthesized by Charette and Marazano.
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Piperidine Syntheses Not Utilizing Pyridine as a Starting Material:

Although pyridine is not utilized as the starting materials in reactions developed
by Mercedes Amat and Joan Bosch at the University of Barcelona, their work toward the
synthesis of enantiomerically pure piperidine compounds is noteworthy. Their strategy
utilizes the condensation of chiral B-hydroxy amines with racemic y-aldehydic esters to

generate hydropyridinones that can be converted into a multitude of piperidines

containing different structural motifs (Scheme 9).3**’
C6H5 H C6H H C H H
OH 57L\ 6 57l,\
NH2 - (@) N ‘\\O o ') N (@)
R
NN
racemate / l \
CeHs 7HL\ l
R
Boc 4
O |
O _N_ VR XM
Ry Q )
( Z
R H
o 3

Scheme 9: Condensation of chiral B-hydroxy amines with racemic y-aldehydic esters and

their derivatization.

The Liebeskind group has recently developed a large scale synthesis of
enantioenriched piperidinyl molybdenum complexes, derived from an aza-Achmatowicz

rearrangement of furans (Scheme 10). Already, this starting material has produced a
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number of enantiomerically pure natural products and holds great promise as a useful

starting material for even more enantiomerically pure piperidine compounds.38

@_/NH OJN <(—/ )J\ O )O\HCSH7

mCPBA / \(j
/ C5H1 1
TpMo( CO // OH

PN
ﬁ Mo(CO)3(DMF); - HN
then KTp o L O

HO™ >N
R* )J\o

Scheme 10: Enantiomerically pure natural product synthesis

using a chiral molybdenum complex.

Pyridine Ring Opening:

Pyridines are also subject to ring opening reactions. A useful starting material in
the synthesis of linearly conjugated ring-opened systems is 1-(2,4-
dinitrophenyl)pyridinium chloride.®® When the salt is heated in the presence of a
secondary amine in methanol, ring-scission occurs and produces intensely colored
compounds (Scheme 11). These reactions are facile especially when the resulting ring-
opened organic cations offer extended conjugation beyond that of the original six p

orbitals of the parent pyridine.
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R,
RoNH
R N7 2 RN A ONR,
NO MeOH )
2 heat cl
NO,

Scheme 11: Pyridine ring-opening producing conjugated systems.

Recently, the Vanderwal group has begun to utilize pyridine ring opening to
develop complex products. One strategy directly incorporates key substituents and
functional groups into the pyridine ring to set the stage for downstream reactions
(Scheme 12). Arylation of the substituted pyridines with 2,4-dinitrochlorobenzene
followed by ring opening and aqueous basic workup produces Zinche aldehydes. Natural
products porothramycins A and B have been concisely synthesized in the described
manner.* Tying a stannylation/Stille coupling procedure to this strategy has allowed for

the synthesis of polyunsaturated aIdehydes.41

Also utilizing the same strategy,
substituted polycyclic lactams can be synthesized very rapidly as well.** An alternative
strategy utilizes 1-(2,4-dinitrophenyl)pyridinium chloride to deliver a penta-2,4-dienal to
secondary amines, which sets the stage for Diels-Alder cycloaddition reactions (Scheme
13). This strategy has been utilized in the very concise synthesis of strychnine and the

strychnos alkyloids.*”> **
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R's
\\ R's O\ Porothramycins
L2 [\\ o RoNH .
N 2 R's
n-BuOH NG — = X — »  Polyunsaturated
+ 100 °C NO, EtOH,65 °C; aldehydes
Cl basic aq. wkup \
NO, R,N Polycyclic lactams
NO, Zinche Aldehyde
NO,

Scheme 12: Strategic pyridine substituent incorporation methodology.

| X Cl-
+ - R1\N’ ’R»]\ R2
H
NO,
(0.5 eq)
NO, CHO

Strychnine

Scheme 13: Delivery of penta-2,4-dienal to secondary amines for Diels-Alder to produce

strychnos alkyloids.

Alternatively, saturated ring-opened enantiomerically pure amines can be

4547 Conversion to

produced starting from Comins’ pyridine or 4-methoxypyridine.
piperidines followed by treatment with cyanogen bromide opens the piperidines under

a von Braun type ring-opening mechanism (Scheme 14).

~o OR, ORs

R R, R, Ra R, R, ORj Br
A BrCN NC /'\/'\/'\
| - — — N Ph
N” Ph"" N7 "R PRSN “R R R
1 N 1
| B C,A| CN 2 4

Scheme 14: Piperidine ring-opening producing saturated amines.
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Organometallic Dearomatization of Pyridine:

Pyridine’s primary binding mode with most transition metal complexes is
through nitrogen (k! or kN), much like its tendency to react with organic electrophiles.
However, several n6 complexes and recently more r]2 complexes have been synthesized.
Although n°-pyridine complexes of Cr(0), Mo(0), and Re(l) can be synthesized (vide
infra), very little is known or reported about their transformation into organic
compounds.

Formation of n®-pyridine complexes can be accomplished by using electron-
deficient metal fragments, usually in combination with one or two a substituents that
flank the nitrogen, to sterically hinder nitrogen coordination. For example, nG-pyridine
complexes with the Lewis acidic metal fragment {Cr(CO)s} can be synthesized by
substitution of 2,6-bis(trimethylsilyl)pyridine or 2,6-lutidine for three CO ligands of
Cr(CO)s (Scheme 15).**°° Removal of the trimethylsilyl groups can be accomplished with
TBAF and allows for the isolation of the unsubstituted n® pyridine complex, (CO)sCr(n°-
pyridine).49 A limited investigation into the reactivity of the complex revealed that the
coordinated pyridine mirrors that of the free ligand, in which nucleophiles add to the 2-
position of the ring followed by electrophilic addition to the nitrogen to generate 1,2-
dihydropryidines.50 The complete regio and stereoselectivity of the coordinated ligand
does contrast that of pyridine though, which often affords isomeric mixtures (vide
supra).

Ruthenium(ll) complexes are also capable of n® coordination of pyridine (Scheme

16). Anion metathesis of [Cp*RuCl] with KPFg in the presence of pyridine,”* or
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substituted pyridines, allows for their n® coordination.>®> Also, precoordination of
substituted pyridines with {CpRu(MeCN);*} produces a k' species. Ejection of the
acetonitrile ligands, opens coordination sites and allows for substituted pyridines to
increase their hapticity. This method has not been reported to work for pyridine with
{CpRu(MeCN);'}, but switching cyclopentadienide to permethylcyclopentadienide does

allow for the isolation of the n°-coordinated pyridine species.’®>*

R
TMS\HZTjT/TMS i;;&‘ |N\
Cco (-
oc_|_co = | R = N~
Cr. >

Cr— - \
oc” 1 >co oc” | €O _Cr—co
Cco CcoO oc™ |\
co
TBAF
(when R=TMS)
Nu
R ]
v PN e

& ’ d
—CO r—

co Co

Scheme 15: n° pyridine formation and reactivity.

N T+ N
/@\ s /é\ PF, O oy
\ ~ (1eq) \ or ~ (1eq) :

Ru [ — Ru -
\ “OTf Heat /RU\
N THF, @ MeCN~ L ~NCMe
KPFe = NCMe

(or substituted pyridines)

T+ T+
@, =
~Ru Heat Ru
MeCN-RU_ _Heat _
X
MeCN /“@\ Ro-s-R
R = R ?N

Scheme 16: Synthesis of n°-pyridine complexes of Ru®*.
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A recent example from the Parkin group uses Mo(PMejs)s to coordinate pyridine
r]z, with the loss of PMes (Scheme 17).%° In this case, k* coordination occurs through o
bonds rather than the it system, resulting from metal C-H insertion into the a CH bond.
Heating the metal hydride produces (n°-pyridine)Mo(PMes); with the loss of PMes.
Where the n>-CN precursor reversibly reacts with PMe; to regenerate starting material
(or with H, to produce a tetrahydride complex), the n° pyridine does not react with
either PMes or H; and is also fairly thermally stable. Modification of the coordinated

ligand has not been reported.

PMe; ©> PMe; 70
/ A\
MesP,, \ wPMe; N MesP,,, ! 150 °C TI §

ZMd\ - H=Mo<\ ——— Mo
MesP” | “PMe; ~ PMe, ve:P” | PMes o o MOPMeg
PMes PMe; PMe;
60 °C, lmo °C,
H2 H2
PMe3
MesP, ‘ H No Reaction
TR L
/Mo\ @
7| TH
Me3P
PMe3

Scheme 17: Mo(0) synthesis of n° pyridine.

Alternative coordination modes for pyridine are conceivable. Examples of
tetrahapto pyridines are practically non-existent. n* Pyridine is proposed as an

intermediate to hexahapto coordination of the ruthenium complexes above, however.>
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Although still fairly rare, n°> complexes of pyridine are more common than their
tetrahapto cousins.
Examples of nz—coordinated pyridine include those of tantalum and niobium.

*6:57 This is true even when

With each metal, C-N coordination is obtained (Scheme 18).
alkyl groups are flanking the nitrogen. With 2-picoline, C-N coordination occurs through
N-C6 to minimize the steric repulsion of the methyl group. In the case where 2,6-lutidine
is coordinated to Ta(silox)s;, the metal kinetically inserts into the H-C4 bond, which

thermodynamically converts to the C-N coordination product.”® No k* pyridines are

observed with these related systems.

R
(silox) (L)M;N(j (silox) (L)Mj:\/j ---------------------------
110X [1[0),¢
’ = ’ = M =Ta or Nb

H H
L = silox (‘Bu3SiO-) or NR,-

R = 2-Me, 4-Me, 3,5-DiMe

—  (silox) Tal N
silox);Ta N —— 3
( )3 o\

Scheme 18: r]2 complexes of Nb and Ta.

Little is known about the modified organic chemistry of these compounds, but
mild oxidation (i.e. ethylene oxide, N,0) liberates 4-picoline from (silox)ng(ryz—C,N—4—
picoline) via metal oxidation rather than reaction with the pyridine ring (Scheme 19).%°
Also, heating (silox)sNb((n*-C,N-pyridine) induces a ring opening of one equivalent of
pyridine and the liberation of another molecule of pyridine, with the transfer of one

Nb(silox);.® Alternatively, heating (silox)sNb((n?-C,N-3,5-picoline) produces an
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intramolecular ring opening product incorporating one of the siloxy t-butyl groups of the

metal ligand set.®

@)
CNT /\ orNy,O N7
(silox)sNb |
= =

H

(silox)sNb H

(silox)3Nb:\:Z:\N LN
+ \ —

H Nb(silox);
(silox)sNb

H

\

P4
2\ /;
>

|

\
Z
2\ />

N

_NT A . I
(silox)sNb - = (SIIOX)sz\
=
H O-si
'Bu By

Scheme 19: Modification of pyridine ring with niobium complexation.

Moving to a more electron-rich osmium(ll) system, {(NH3)s0s}**, pyridine as its
conjugate acid can be coordinated through two carbon atoms of the heterocycle
(Scheme 20).** Deprotonation induces isomerization to the N-coordinated species.
When the nitrogen is flanked by methyl groups (e.g. 2,6-lutidine), nitrogen coordination
is averted to form a C-C n? species. This compound eventually converts to a tautomer, in
which the osmium inserts into H-C4 bond and tautomerizes to the N-protonated

species. Switching to a still more electron-rich system, {TpRe(CO)(Melm)}, 2,6-lutidine
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also coordinates to the metal through two carbon atoms.®> With either system,

however, no organic modification of the coordinated ligand has been reported.

N T3+ __ T2+
(NHS)SOSHH-@H —— (H3N)5OS_N\ /> + H+

_|2+ _\2+ —‘3+

® — o
(ARN
(NFaJsOS™ [ N = (HaN)sOs W NH — (NHz)sOs(| {1,

Scheme 20: C-C n? coordination with pyridines or pyridiniums.

Another metal system of the same family (i.e. 16e”, d® metal fragments) as Os(l1)
and Re(l) is W(0).%* The fragment {TpW(NO)(PMes3)} is considerably more electron-rich
than its precursors, by virtue of its neutral oxidation state. It was expected that the
increased electron density of the tungsten system would manifest itself in the
uncoordinated nt system of the ligands, through the strong back-donation of metal into
the LUMO of the aromatic ligands (i.e. dnm—>pmn) and thus activating the coordinated
aromatic ligand to mild electrophilic addition reactions, prior to oxidation of the metal
center (Figure 5). As an added benefit, it was expected that the metal fragment would
prevent addition to the coordinated face of the ligand, enabling stereoselective

additions to occur anti to the metal on the uncoordinated m system.
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5 -0

Figure 5: Back-bonding and activation of exposed diene.

_N

w0 w-@

W = {TpW(NO)(PMe3)} \

Scheme 21: Substitution of pyridines with ToW(NO)(PMes)(n*-benzene).

In general, these expectations held true for many coordinated arenes and
resulted in the synthesis of some fairly complicated isolated organic compounds.®*®°
Assuming that n? coordination would be achieved with pyridine, it too should lead to

the activation of the aromatic ring towards these mild modifications. Substitution of

pyridine failed to thermodynamically produce an unsubstituted r]z—pyridine complex and
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resulted an N-coordinated product.”® A study was therefore performed to determine
which pyridines would coordinate through two carbon atoms, and to gain an
fundamental understanding of the properties that are required for n’ coordination of
pyridine (Scheme 21). In general, this study revealed that nitrogen coordination could
be prevented by bulky substituents at the 2-position, small substituents at the 2- and 6-
positions, or small substituents that were electron donors at the 2-position.

Although it was isolated in very low yield (14%), the study also produced a
trapped n’ pyridine, in the form of its conjugate acid (Scheme 22). Quantitative
deprotonation of this species resulted in its isomerization to k' pyridine with a relatively
long ti/2 (79 min.). Precoordination of pyridine followed by addition of acid did not
produce the n’ pyridine, but rather protonation of the metal resulted. The combination
of these results indicated that r]2 pyridine was kinetically forming and being trapped

with a conjugate acid prior to isomerization to the N-coordinated species.

M93P

Me;PR,
\, No . "\ No
W, —H . w
X .
MesR N ol \@ 14% Yield " N N

\ Mo @ NH
/

+ isomers @

Scheme 22: Isolation of n? pyridinium complex.
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At the time of the above report, organic modification of the parent pyridine was
hampered by the fact that coordination of pyridine failed to produce the desired
coordination mode, without the use of an acid, and because a synthetically practical
method of isolating its conjugate acid was not achieved in a reasonable yield. Other r]z—
pyridine complexes have been isolated in reasonable yields. Theses coordinated ligands
have been successfully modified under mild conditions.  For example, 2-N,N-
dimethylaminopyridine (2DMAP), 2,6-lutidine, and 2,6-dimethoxypyridine all undergo
concerted [4+2] Diels-Alder cycloaddition reactions with the exposed and activated
uncoordinated diene (Scheme 23). This reaction cannot be performed with such simple

71,72-74

pyridines.

Me3P NO
\W»‘\ R 7 NO z R
X2 = H 4
Tp/ \ | > Me3P\V-V/ / l\i
_N
| 5
R4 Tp
R1=NMey, R, =H R = H, R, = NMe,
R1 = R2 = OMe _’ —
R. = Ro= M R3; = R4 = OMe
1= R =NMe R =R, =Me

Scheme 23: [4+2] Diels-Alder cycloadditions with n’-coordinated pyridines.

With these dearomatized compounds in hand, oxidation of the metal center
allowed for the isolation of a variety of new organic compounds (Scheme 24).°%7°

Importantly, it was demonstrated with one of the organic compounds that the products

could be isolated in an enantiomeric excess (er 9:1; Scheme 25). The method employed
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utilized an imperfect procedure in which one enantiomer of the metal irreversibly binds
to (R)-a-pinene prior to the coordination of the pyridine precursor while the other is

substitutionally labile.”

OH
R4 o
7 / N R; O\
N / '\i
N:O z R4 [0] O~ oL
MesP— i /| [ ——= < Ri=CNorSOPh R, =H or CH,

| R

NC

72 N 7
N NH
N
-

Scheme 24: Liberation of new organic compounds from cycloadduct complexes.
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Scheme 25: Synthesis and isolation of an organic in an enantiomeric excess.
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For the pyridine family, these examples serve as a proof of concept that n?

coordination of the parent pyridine would activate it toward mild addition reactions and
allow for the isolation of new piperidine compounds. As pyridine does not have
substituents to influence binding mode or reactivity, we hoped to gain a greater
understanding of the fundamental chemistry of the metal-heterocycle system, elaborate
additional possible synthetic pathways available to pyridine, and develop methodologies
for the synthesis of new classes of piperidine compounds that its substituted forms do
not have access to. We rationalized that the first step to reasonably investigating the
fundamental influence the metal plays on the ligand would begin with isolating the
complexed conjugate acids of pyridine of synthetically useful scales and then using that

material as a starting point for a variety of reactions.
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Chapter 2

An Efficient Synthesis of an n’-Pyridine
Complex and a Preliminary Investigation of

the Bound Heterocycle’s Reactivity
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Introduction:

Over the past two decades, our group has sought to develop new methods of
functionalizing aromatic molecules.>® Our approach exploits the ability of certain m-
basic transition metal complexes to bind aromatic molecules through two carbons,
thereby localizing the remaining uncoordinated m-system. In this manner, nz—arene, nz—
pyrrole, and nz—furan complexes have been utilized in novel organic syntheses.l'3
However, the development of parallel chemistry for pyridines, diazines, diazoles, and
other basic aromatic heterocycles has been hampered by the thermodynamic
preference of the transition metal to coordinate at nitrogen (Scheme 1, Path A). While
such coordination for pyridines can be avoided by strategic placement of substituents
(e.g., 2,6-disubstituted pyridines),* we desired a more general method for the
preparation of dihapto-coordinated complexes of basic heterocycles.

Using pyridine as a test case, our strategy was first to form a complex with a
corresponding pyridinium ion, in which nitrogen coordination was no longer possible.
Once the heterocycle was coordinated, we planned to remove the N-substituent and
utilize the nz—pyridine ligand prior to its evolution to the N-bound isomer.*
Unfortunately, when the synthon TpW(NO)(PMeg)(nz—benzene) (1) was subjected to
either pyridinium or methylpyridinium triflate, the tungsten complex underwent
oxidative degradation (Scheme 1, Path B).* We reasoned that a pyridine-borane adduct,
being neutrally charged, would be less oxidizing than its cationic analogs and hence

could potentially form an isolable complex (Scheme 1, Path C).



35

M — R R
L N-M 4>
PathA \ 7
S N—R
— RX — M BN M’\
< : < :+_ /e NR
\ N Pans \ NR M/\ / TTR
BX3 - M _ 'BX3 -
_ —_— N—BX; —» N:
Path C <\ /:N BX; M/\ y 3 y A\

R=H, Me

Scheme 1: Synthetic strategies.

Results and Discussion:

True to expectation, the treatment of TpW(NO)(PMes)(77*-benzene)’ with
pyridine-borane (PB; Aldrich), generated a new compound, TpW(NO)(PMeg)(3,4-772-PB),
isolated as a 3:1 mixture of coordination diastereomers (2; 87%; Scheme 2). The major
isomer features five correlated ring proton resonances, two of which (2.18 and 3.76
ppm) being well upfield of the *H NMR signals for uncoordinated PB. The anodic peak
potential (Ep. = +0.47 V @100 mV/s; NHE) of 2 is between those of the neutral nz—
pyridine (0.00 V) and nz—pyridinium complexes (+0.83 V).* The X-ray structure of 2
(Scheme 2) depicts the major coordination diastereomer present in solution,® in which
C4 is adjacent to the PMej ligand.

Treatment of a suspension of 2 in ether with acidified acetone (DPhAT =
diphenylammonium triflate) smoothly unmasks the nitrogen,” and the previously
reported pyridinium complex 3H is isolated as an orange microcrystalline solid (92%; cdr

= 1:1).* The preparation of 3H from 1 in 80% yield over two steps represents a vast
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improvement from the impractical 14% reported from trapping procedures,*® and

enables direct access to the parent nz—pyridine complex (3) on a synthetic scale.

Mest MeaP No MesP wo_
NBH3 / . 1
\ - . \ NNBH
| _NBH3 \ | :
4N
Y, 5
o

2 (87%; cdr = 3:1)

o _ A Acetone
G- ® DPhA‘/
L‘ f : . A

f] 6‘
" ‘G/y@’e % MesP o L MeaP
K a9 W
P 0}# v $\. Tp/ \l N o] 10 Tp \
é \D 2 /L\-IH (DMSO)

3H (92%; cdr = 1:1; “OTY)

Scheme 2: Improved Synthesis of Pyridinium 3H.

The basicity of the nz—pyridine 3 was found to be markedly greater than for
pyridine itself (pK,(DMSO) of 3H = 10; ¢f. 3.4 for pyH’), owing to the tungsten
backbonding, hence we attempted its acylation. Deprotonation of 3H with 2,6-di-tert-
butylpyridine (DTBP) in the presence of acetic anhydride results in the acetylpyridinum
complex, 4. The initial coordination diastereomer ratio (cdr = 4:1)° is improved to >10:1
upon heating (55 °C for 5.5 h),® and 4 was ultimately isolated in 94% yield (cdr >10:1).°
This complex shows a CO stretching feature at 1733 cm™ (IR), and CO and CN bond
lengths of 1.19 and 1.41 A (X-ray), respectively, consistent with an acetylpyridinium

species (resonance form a in Figure 1). However, the B¢ signal at 169.8 ppm and weak
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interaction between W and C2 (2.88 A cf. 3.22 A for W-C5) in 4 indicate partial
allyl/amide character (resonance form b).> While acylpyridinum ions are commonly
invoked as intermediates in pyridine (e.g., DMAP) catalyzed acylation reactions, they are

1011 1n the case of 4, electron-donation from

normally far too unstable to isolate.
tungsten not only allows its isolation but renders the acetylpyridinium ligand stable to

water, even at elevated temperatures (55 °C; 0.5 h; 30 eq water in acetone solution).

A
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Figure 1: ORTEP Diagram and resonance forms of 4.

In order to determine if 4 was a viable acylation agent, we treated this complex
with an acetone solution of morpholine (Scheme 3) and monitored the reaction with >'p
NMR. A 4 ppm upfield shift in *'P NMR and a cyclic voltammogram with an E, . of +0.54
V signaled that a neutral tungsten species had been produced. To our surprise,
spectroscopic analysis of the isolated product, 5, indicates that acetone has added to C2
of the pyridinium ring (Scheme 2). 2D NMR analysis and X-ray diffraction studies confirm

that the addition is highly stereoselective, with the presumed enol, enolate, or enamine
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intermediate adding anti to the metal. A more efficient method to synthesize 5 was
ultimately found using the silyl-enol ether of acetone with DABCO added to remove the
TMS group.12 This Mukiama-Mannich variation has the additional advantage that the

product spontaneously precipitates from the CH3CN/DME solution.

o o
) OTf
O e w0
(1 > I
~NH 1) DTBP, MeCN Z I:IT(
2)55 °C, 5.5 h J
3H
4 (94%; dr >10:1)
W = {TpW(NO)(PMe3)
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Q 9 0 /§
@ © 4 6&; o L | DABCO
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@;ﬁf \37 (30°%) Y \
S % & Wi
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@

Q
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Scheme 3: Tandem Addition of Acetone (30% ellipsoids).

Encouraged by this mild and selective C2 nucleophilic addition, we explored
several other reagents that could serve as mild carbon nucleophiles for the Mannich
reaction. Both pyrrole and indole successfully undergo reactions at C2 of the
acetylpyridinum complex under mild conditions to form 6 and 7 respectively. Pyrrole
selectively reacts at the a carbon (6; 51%) while indole undergoes electrophilic

substitution at the B carbon of the heterocycle (7; 61%). Notably, these aza-Friedel-
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Crafts alkylations proceed only in the presence of a modest base (2,6-lutidine). As with
the acetone adduct 5, spectroscopic analysis confirms complete control of the
stereochemistry at C2. Alternatively, the treatment of the acetylpyridinum complex 4
with acrolein and quinuclidine resulted in an aza-Morita-Baylis-Hillman reaction to form
the enone 8 (92%),* where X-ray data again confirm addition to pyridine anti to
coordination. Attempts to carry out C2 nucleophilic addition reactions with pyridinium
complex 3 or with free N-acetylpyridinium (prepared in situ from pyridine and Ac,0)

were unsuccessful.

H _ .y
N 2,6-lutidine
/

W

‘ /\?O

quinuclidine

Scheme 4: Aza-Friedel-Crafts and Baylis-Hillman Reactions.

The successful liberation of 3-(pyridin-2-yl)-1H-indole (9; 31% isolated,
unoptimized; Eqn 1) was accomplished by treating complex 7 with 2.5 equivalents of the

oxidant CuBr,. Unfortunately, the dihydropyridine ring was also oxidized. While other
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methods for decomplexation are currently under investigation that will conserve the C2
stereocenter, we note that (2-piperidyl)indoles are common components of
monoterpenoid indole alkaloids;'* the reaction sequence of 3H — 9 illustrates a
approach to form (2-pyridyl)indoles that does not involve cross-coupling methods or
arylmetallic reagents, is tolerant of oxygen and water, and does not require harsh acids
or bases. This reaction sequence is complementary to that observed by Corey et al. in
which weak nucleophiles successfully were added to a triflylpyridinium intermediate to
generate 1,4-dihydropyridines.’

7 or ns-pyridine

In contrast to the reactivity of 4, organic acylpyridiniums®®
complexes™® typically require strong nucleophiles such as metalloenolates and Grignard

reagents to overcome the aromatic stabilization of the pyridine ring. Furthermore,

without the use of directing groups, such nucleophilic addition reactions are often

16,17

plagued by poor regioselectivity.

| X
CUBrZ /N
50%(NMR) Eqn. 1
31% (isolated) N
NH
9

Concluding Remarks:
This preliminary study shows that a borane-adduct can be an effective synthon
for the preparation of m-complexes of basic N-heterocycles that otherwise could bind

through nitrogen. Once the heterocycle is coordinated through the m-system, the
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nitrogen can be deprotected and chemically accessed, pre-empting its coordination to
the metal. In the present case, tungsten coordination of pyridine increases the basicity
and nucleophilicity of the nitrogen, resulting in its facile acetylation. Yet remarkably, this
dearomatized acetylpyridinium complex regio- and stereoselectively combines with mild
carbon nucleophiles to give C2-substituted dihydropyridine complexes that could
potentially be elaborated into highly functionalized piperidines. Further modification of

the resulting enamide functionality is currently under investigation.

Experimental Section:

General Methods. NMR spectra were obtained on a 300 or 500 MHz spectrometer (Varian
INOVA or Avance Bruker). All chemical shifts are reported in ppm and proton and carbon shifts
are referenced to tetramethylsilane (TMS) utilizing residual *H or *3C signals of the deuterated
solvents as an internal standard. Phosphorus NMR signals are referenced to 85% H3PO, (6 =
0.00) using a triphenylphosphate external standard (6 = -16.58). Coupling constants (J) are
reported in hertz (Hz). Infrared spectra (IR) were recorded on a MIDAC Prospect Series (Model
PRS) spectrometer as a glaze on a Horizontal Attenuated Total Reflectance (HATR) accessory
(Pike Industries). Electrochemical experiments were performed under a dinitrogen atmosphere
using a BAS Epsilon EC-2000 potentiostat. Cyclic voltammetry data was taken at ambient
temperature at 100 mV/s (25 °C) in a standard three-electrode cell from +1.7 to —1.7 V with a
glassy carbon working electrode, N,N-dimethylacetamide (DMA) or acetonitrile (MeCN) solvent
(unless otherwise specified), and tetrabutylammoniumhexaflurophosphate (TBAH) electrolyte
(approx. 0.5 M). All potentials are reported versus NHE (Normal Hydrogen Electrode) using

cobaltocenium hexafluorophosphate (E;, = -0.78 V), ferrocene (E;, = +0.55 V), or
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decamethylferrocene (E;;, = +0.04 V) as an internal standard. The peak-to-peak separation was
less than 100 mV for all reversible couples. Elemental analyses (EA) were obtained from Atlantic
Microlabs and agree to within 0.4% for C, H, and N. High resolution electrospray ionization mass
spectrometry (ESI-MS) analyses were obtained from the University of lllinois at Urbana-
Champaign Mass Spectrometry Laboratory. Unless otherwise noted, all synthetic reactions and
electrochemical experiments were performed in a glovebox under a dry nitrogen atmosphere.
CH,Cl,, benzene, and THF (tetrahydrofuran) were purified by passage through a column packed
with activated alumina. Other solvents and liquid reagents were thoroughly purged with
nitrogen prior to use. Triflate salts were synthesized by addition of an Et,0 solution of triflic acid
to the appropriate conjugate base solublized in Et,0. Deuterated solvents were used as received
from Cambridge Isotopes. General Proton Assignments are in accordance with the Figure S1.
Pyrazole, Pz, protons of the (trispyrazolyl)borate, Tp, ligand were assigned using a combination
of 2-dimensional NMR experiments and phosphorous-proton coupling when unambiguous
assignments were possible (Figure $2)." When unambiguous assignments were not possible the
Pz protons are labeled as Tp protons. Coordination diastereomers are described by the defining
feature’s (i.e. heteroatom’s) proximity to the PMe; ligand relative to the W-PMe; bond (e.g. the
fewer number of bonds from the PMe; passing through the upper portion of the coordinated
ring system to the defining feature dictates the proximal (P) ligand). Characterization of
compound 3H was previously published.” 2-(Trimethylsiloxy)propene (>85%) and pyridine
borane are commercially available through Sigma-Aldrich and were used as received. Acetic

anhydride was distilled from CaH, at reduced pressure prior to use.

MesR MesR,
° NO "\ No

\Y

AN " AN SNBH,
P | P |
_NBH _
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TpW(NO)(PMe;)(3,4-n*-pyridine-borane) (2; D:P= 3:1). TpW(NO)(PMe;)(n*-benzene) (5.00 g,
8.61 mmol) was added to a 100 mL flame dried round bottom flask containing stirring neat
pyridine borane (30.0 g, 0.323 mol). After stirring for 15 hours, the green solution was
transferred to a 2 liter filter flask, diluted with 60 mL THF, followed by 250 mL Et,0, then 900 mL
of hexanes. The solution was allowed to settle for 15 minutes while a celite column (2 cm tall x
3.5 cm wide) was prepared on a 30 mL medium porosity fritted funnel. The solution was
decanted through the celite leaving a green oil. The oil was again diluted with 60 mL THF,
followed by 250 mL Et,0, then 900 mL of hexanes. The solution was once again decanted
through the celite column. The green oil was diluted with 60 mL of THF, 250 mL of Et,0,
followed by 900 mL hexanes. The solution was decanted through the celite and a clumpy
material remained in the original flask. The material captured by the celite was dissolved with 60
mL THF and returned to the original 2 L flask containing the clumped material. Upon complete
dissolution of the material, the solution was diluted with 250 mL Et,0, followed by 1.5 L
hexanes. The precipitate was recollected on the 30 mL celite fritted funnel. It was redissolved
with 200 mL of THF into the original 2 L flask, diluted with 350 mL Et,0 followed by 1.5 L of
hexanes. The yellow precipitate was collected on a 60 mL medium porosity fritted funnel and
rinsed with 2 x 30 mL hexanes. The wet solid was transferred to a vial and placed under dynamic
vacuum. The residual precipitate was redissolved in 60 mL THF, diluted with 250 mL of Et,0, and
900 mL hexanes. The precipitate was collected, rinsed with 2x30 mL hexanes, transferred wet to
a vial and placed under dynamic vacuum. The combined mass recovery resulted in the isolation
of the desired complex in 87% yield (4.469 g, 7.50 mmol) with minimal residual pyridine borane
remaining. ‘*H NMR (CDCls, 6): Major: 8.65 (1H, d, J = 4.6, H2), 8.01 (1H, d, PzA3), 7.87 (1H, d,
PzB3), 7.79 (2H, d, 2 Tp), 7.65 (1H, d, Tp), 7.15 (1H, d, PzC3), 6.49 (1H, dd, J = 7.1, 4.5, H5), 6.44

(1H, d,J = 7.1, H6), 6.28 (2H, t, 2 Tp), 6.24 (H, t, Tp), 3.71 (1H, ddd, J = 13.3, 8.5, 4.5, H4), 2.2-3.2
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(3H, brs, BHs), 2.11 (1H, dd, J = 8.5, 4.6, H3), 1.25 (9H, d, J = 8.4, PMe;); Minor (Tp protons of
minor product not reported due to extensive overlap with corresponding major peaks): 8.56
(1H, br's, H2), 6.81 (1H, t, J = 6.5, H5), 6.33 (1H, d, J = 6.5, H6), 3.36 (1H, buried, H3), 2.2-3.2 (3H,
brs, BHs), 2.29 (1H, t, J = 6.5, H4), 1.32 (9H, d, J = 8.1, PMe3). **C NMR (CDCl;, &) (only signals for
major isomer are reported): Major: 169.5 (s, C2), 144.4 (s, PzA3), 144.2 (s, PzB3), 140.1 (s,
PzC3), 136.9 (s, Tp), 136.5 (s, Tp), 135.6 (s, Tp), 126.8 (s, C6), 124.7 (s, C5), 106.7 (s, Tp), 106.5 (s,
Tp), 106.3 (s, Tp), 62.0 (d, J = 10.7, C4), 57.6 (s, C3), 12.9 (d, J = 28.8, PMe;). *'P NMR (CDCls, §): -
12.98 (2D, Jwp = 298 Hz), -15.18 (2P, Jywp = 292 Hz). CV: E,,=+0.44 V; E, .= -1.94 V. IR: vyo = 1585
cM™, Varisymasym) = 2345, 2294, 2256 cm™, Vgyyrp) = 2491 cm™. Anal. Calc’d for Cy;H,;B,NsOPW-1/4
Et,0: C, 35.14; H, 4.84; N, 18.24. Found: C, 35.03; H, 4.91; N, 18.07.

Me3R Me3R
"\ No orf "\ No -orf

TP | Tp |
— L\_IH =

TpW(NO)(PMej;)(3,4-n*-pyridinium)OTf (3H; D:P = 1:1).

In a 200 mL pear bottom flask, 1 (3.420 g, 5.739 mmol) was suspended in stirring Et,0 (145 mL)
for 15 minutes producing a yellow heterogeneous solution. Separately, diphenylamonium
triflate (DPhAT) (1.792 g, 5.612 mmol) was dissolved in acetone (7.213 g) and the homogeneous
solution was added to the suspension of 1 in Et,0. Effervescence was immediately observed and
the solution became an orange heterogeneous solution. The solution was allowed to stir for
14.5 hours. The orange precipitate was collected on a 30 mL medium porosity fritted funnel,
washed with Et,0 (2 x 15 mL), transferred to a vial and placed under dynamic vacuum (92%

yield, 3.851 g, 5.260 mmol). Characterization of 2 was previously published.?
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TpW(NO)(PMe;)(3,4-n*-N-acetylpyridinium)OTf (4; D:P >10:1).

2,6-Ditert-butylpyridine (DTBP, 1.189 g, 6.215 mmol) was added to a 25 mL flame dried round
bottom flask containing 3 (3.632 g, 4.961 mmol), acetic anhydride (7.603 g, 74.47 mmol), and
MeCN (7.656 g). The resulting heterogeneous solution was allowed to stir for 1 hour and 35
minutes until it became deep red and nearly homogeneous. The flask was then placed in a 55 °C
oil bath and allowed to stir for 5.5 hours. It was removed from the oil bath and allowed to cool
for 10 minutes. The cool solution was filtered through a pipette, containing a Kimwipe covered
with 1 cm of celite, into a 1 L filter flask containing Et,0 (1270 mL) precipitating an orange
material. The precipitate was collected on a 60 mL medium porosity fritted funnel, washed with
Et,0 (5x30 mL), transferred to a vial and placed under dynamic vacuum in 94% vyield (3.593 g,
4.641 mmol). 'H NMR (CDsCN, 6): 9.00 (d, J = 5.8, 1H, H2), 8.1 (d, 1H, PzB3), 8.07 (d, 1H, PzC5),
8.03 (d, 1H, PzA3), 8.01 (d, 1H, PzB5), 7.86 (d, 1H, PzA5), 7.84 (d, 1H, PzC3), 6.53 (t, 1H, PzC4),
6.45 (m, 3H, PzB4/H5/H6), 6.41 (t, 1H, PzA4), 4.29 (m, 1H, H4), 3.50 (t, J = 5.8, 1H, H3), 2.61 (s,
3H, Acetyl-Me), 1.23 (d, J = 9.6, 9H, PMe;). *C NMR (CD5CN, &): 169.8 (CO), 159.9 (C2), 148.7
(PzA3), 147.1 (PzB3), 142.9 (PzC3), 139.4 (PzC5), 138.5 (PzB5), 137.9 (PzA5), 125.2 (C5), 114.8
(C6), 108.9 (PzB4), 108.4 (PzC4), 108.3 (PzA4), 69.9 (C3), 66.2 (d, J = 14.0, C4), 22.5 (Me), 12.9 (d,
J =32.0, PMes). *'P NMR (CDCls, 6): -9.61 (Jwp = 283, 4D), -14.33 (Jup = 276 Hz) (4P). CV: E,, =
+1.13 V. IR: o = 1611 cm™, vo = 1733 cm™ (weak). ESI-MS obs'd (%), calc'd (%), ppm (M+H)*:
623.1570 (85.7), 623.1582 (88.6), 1.9; 624.1590 (46.6), 624.1608 (81.7), 2.8; 625.1597 (100),
625.1609 (100), 1.9; 626.1631 (20.5), 626.1668 (43.7), 5.9; 627.1632 (93.2), 627.1652 (89.7), 3.3.

Note: The initial ratio of the coordination diastereomers is 4:1 prior to heating the reaction
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solution. Isolating the products prior to isomerization allowed for the proton assignments of the
ring protons in 4P (due to overlap of Tp protons with the other isomer, they are omitted below).
'H NMR (CDCls, 6): 9.38 (1H, d, J = 5.8, H2), 6.82 (1H, t, J = 6.9, H5), 6.6 (1H, buried, H6), 4.66
(1H, dt, J=6.1, 5.8, H3), 3.06 (1H, dd, J = 6.9, 5.8, H4), 2.72 (3H, s, methyl; overlaps with methyl

of major isomer).

TpW(NO)(PMe;)(3,4-n*-(1-(1-acetyl-1,2-dihydropyridin-2-yl)propan-2-one)) (5):

2-(Trimethylsiloxy)propene (0.113 g, 0.867 mmol; 0.096 g, 0.737 mmol: adjusted for 85% purity)
was added to a deep red homogeneous solution of 4 (0.324 g, 0.419 mmol) in MeCN (0.091 g)
and DME (0.316 g). DABCO (0.036 g, 0.321 mmol) was added to the resulting solution and it was
allowed to stir for 16 hours. The heterogeneous solution was collected on a 15 ml fine porosity
fritted funnel and was washed with a small amount of DME (<0.25 g). The tan precipitate was
dried under dynamic vacuum for a mass recovery of 0.141 g. The precipitate was determined to
contain a 5% mass impurity, by weight, of DABCO*HOTf resulting in an actual yield of 5 in 47%
(0.134 g, 0.196 mmol). *H NMR (CDsCN, &): 8.29 (d, 1H, PzA3), 8.01 (d, 1H, PzB3), 7.86 (m, 2H,
PzB5/PzC5), 7.78 (d, 1H, PzA5), 7.38 (d, 1H, PzC3), 6.37 (t, 1H, PzB4), 6.34 (t, 1H, PzA4), 6.29 (t,
1H, PzC4), 5.94 (dd, J = 7.5, 5.4, 1H, H5), 5.85 (t, J = 6.8, 1H, H2), 5.80 (d, J = 7.5, 1H, H6), 2.86
(ddd, J=12.9,10.4, 5.4, 1H, H4), 2.75 (d, = 6.8, 2H, 2'-CH2-), 2.06 (s, 3H, 2'-CH3), 2.03 (s, 3H, N-
acetyl-CH3), 1.44 (d, J = 10.4, 1H, H3), 1.23 (d, J = 8.6, 9H, PMe;); *C NMR (CDsCN, &): 208.7 (s,
CO (ketone)), 168.7 (s, CO (amide)), 144.9 (s, PzA3), 144.3 (s, PzB3), 141.5 (s, PzC3), 137.8/137.3

(s, PzB5/PzC5), 136.9 (s, PzA5), 117.9 (s, C5), 117.5 (s, C6), 107.3 (s, PzB4), 107.1 (s, PzC4), 106.9
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(s, PzA4), 64.0 (s, C3), 52.1 (s, 2'-CH2-), 47.3 (s, C2), 45.0 (d, J = 9.9 hz, C4), 30.6 (s, 2'-CH3), 23.2
(s, N-acetyl-CH3), 13.6 (d, J = 28.8, PMes); *'P NMR (CDiCN, §): -12.01 (Jyp = 283 Hz), -9.20
(minor cd-product); CV (MeCN): E,, = +0.54 V; IR: vyo = 1562 cm™ Vumige = 1616 cm™, v = 1701
cm.y, Vey = 2488 cm™. ESI-MS obs'd (%), calc'd (%), ppm [(M+H)"]: 681.1989 (85.7), 681.1976
(100.9), 1.9; 682.2009 (46.6), 682.2007 (78.8), 0.3; 683.2016 (100), 683.2000 (100), 2.3;

684.2050 (23.8), 684.2009 (52.2), 5.9; 685.2050 (93.2), 685.2051 (70.8), 0.1.

Me3P

NO

TpW(NO)(PMe;)(3,4-n*-(1-(2-(1H-pyrrol-2-yl)pyridin-1(2H)-yl)ethanone)) (6):

Lutidine (0.072 g, 0.672 mmol) was added to a deep red homogeneous solution of 3 (0.200 g,
0.258 mmol) and pyrrole (1.005 g, 14.980 mmol). After 30 minutes, the solution was removed
from the glovebox, diluted with 2 mL DCM and extracted with 3x2 mL saturated NaHCO;
solution. The water fractions were back extracted with 3x1 mL DCM. The DCM fractions were
combined, dried with MgSO,, and filtered through celite. The solution was then further diluted
with 50 mL DCM and loaded onto a 5.5 cm x 1.5 cm SiO, column containing a sand bedding,
which was prepared by making an Et,0 slurry and washing with 20 mL DCM. The column was
washed with 50 mL DCM, 150 mL 10% EtOAc in Et,0, followed by 100 mL acetone. The yellow
band eluted with acetone and the solvent was removed in vacuo. The orange residue was
dissolved in ~0.3 g EtOAc and 8 mL of hexanes was added to the heterogeneous solution. The
tan precipitate was collected on a 15 mL medium porosity fritted funnel. The precipitate
remaining in the vial was redissolved in EtOAc and reprecipitated in hexanes twice more. The

additional precipitate was collected on the same fritted funnel (51% Yield, 0.091 g, 0.132 mmol).
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"H NMR (CD;CN, 6): 9.06 (s (br), 1H, NH), 8.21 (d, J = 2.0, 1H, PzA3), 8.03 (d, J = 2.0, 1H, PzB3),
7.87 (d, J = 2.0, 1H, PzB5), 7.86 (d, J = 2.0, 1H, PzC5), 7.79 (d, J = 2.0, 1H, PzA5), 7.48 (d, J = 2.0,
1H, PzC3), 6.59 (m, 1H, H10), 6.54 (s, 1H, H2), 6.37 (t, J = 2.0, 1H, PzB4), 6.33 (t, J = 2.0, 1H,
PzA4), 6.3 (t, J = 2.0, 1H, PzC4), 5.97 (m, 3H, H5/H8/H9), 5.79 (d, J = 8.1, 1H, H6), 2.1 (s, 3H, Acyl-
Me), 1.7 (d, J = 10.3, 1H, H3), 1.21 (d, J = 8.6, 9H, PMes); *C NMR (CD,CN, 6): 169.4 (CO), 144.4
(PzB3), 144.3 (PzA3), 141.7 (PzC3), 137.8/137.4 (PzB5/PzC5), 137 (PzA5), 117.9 (C5/C6), 117.2
(C10), 107.7 (C8), 107.3/107.1/107.0 (PzA4/PzB4/PzC4), 106.1 (C9), 62.2 (C3), 47 (C2), 45.5 (d, J
= 8.1, C4), 13.7 (d, J = 28.8, PMes); *'P NMR (CDCls, 6): -12.01 (Jup = 282 Hz, cdp-d), -9.20 (minor
cd-product); CV (DMA): E,,, = +0.48 V; IR:Blvyo = 1558 cm ™, Vamige = 1608 cm™, vgy = 2488 cm™, vy
= 3113 cm™. ESI-MS obs'd (%), calc'd (%), ppm [(M+H)']: 690.1992 (85.7), 690.1976 (101.2), 2.3;
691.2012 (46.6), 691.1996 (99.7), 2.4; 692.2019 (100), 692.2017 (100), 0.3; 693.2053 (24.8),

693.2038 (62.2), 2.1; 694.2054 (93.2), 694.2054 (73.2), 0.1.

PMe3

\ S

s = small NOE

TpW(NO)(PMe;)(3,4-n*-(1-(2-(1H-indol-3-yl)pyridin-1(2H)-yl)ethanone)) (7):

Lutidine (0.141 g, 1.316 mmol) was added to a deep red solution of 3 (0.815 g, 1.053 mmol),
indole (0.155 g, 1.323 mmol), and DCM (1.27 g). After 8.5 hours, the precipitate from the
reaction solution was collected on a 15 mL medium porosity fritted funnel and washed with ~1
mL DCM. The pale white precipitate was placed under dynamic vacuum to obtain a 61% yield
(0.479 g, 0.646 mmol). *H NMR (DMSO-ds, 6): 10.73 (s, 1H, H11(NH)), 8.51 (d, J = 2.0, 1H, PzA3),

8.01 (d, J = 2.0, 1H, PzB3), 7.99 (d, J = 2.0, 1H, PzB5), 7.97 (d, J = 2.0, 1H, PzC5), 7.87 (d, J = 2.0,
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1H, PzA5), 7.71 (d, J = 7.9, 1H, H13), 7.63 (d, J = 2.0, 1H, PzC3), 7.43 (d, J = 1.5, 1H, H10), 7.26 (d,
J=8.1, 1H, H16), 6.97 (t, J = 7.5, 1H, H15), 6.87 (t, J = 7.5, 1H, H14), 6.77 (s, 1H, H2), 6.4 (m, 1H,
PzB4), 6.29 (m, 1H, PzC4), 5.91 (dd, J = 6.5, 1H, H5), 5.66 (d, J = 7.5, 1H, H6), 3.18 (ddd, J = 13.9,
10.4, 5.5, 1H, H4), 2.01 (s, 3H, Acyl-Me), 1.73 (d, J = 10.2, 1H, H3), 1.23 (d, J = 8.5, 9H, PMe3); B¢
NMR (DMSO-d,, 6): 168.0 (CO), 145 (PzA3), 143.9 (PzB3), 141.7 (PzC3), 137.7 (PzC5), 137.3
(PzB5), 137 (C12), 136.8 (PzA5), 127.5 (C17), 125.1 (C10), 121.5 (C9), 121.4 (C15), 120.4 (C13),
118.9 (C14), 118.2 (C6), 111.9 (C16), 107.28 (PzA4), 107.2 (PzC4), 106.82 (PzB4), 64.81 (C3),
45.86 (d, J = 8.8, C4), 44.75 (C2), 24.08 (Acyl-Me), 13.95 (d, J = 28.1, PMes); >'P NMR (DMSO-ds,
5): -10.59 (Jwp = 283 Hz); CV (MeCN): E,, = +0.51 V; IR: Vyo = 1539 cm™, Vamige = 1612 cm™, vgy =
2484 cm™, vy = 3223 cm’’. ESI-MS obs'd (%), calc'd (%), ppm [(M+H)']: 685.1938 (85.7),
685.1949 (88.1), 1.6; 686.1958 (46.6), 686.1979 (79.3), 3; 687.1965 (100), 687.1978 (100), 1.9;

688.2036 (23), 688.2010 (38.7), 3.7; 689.1999 (93.2), 689.1990 (83.7), 1.4.

Me3P

NO

TpW(NO)(PMe;)(3,4-n*-(2-(1-acetyl-1,2-dihydropyridin-2-yl)acrylaldehyde)) (8):

In a hood, acrolein (0.030 g, 0.535 mmol) was dissolved in DCM (0.350 g) followed by the
addition of quinuclidine (0.029 g, 0.261 mmol). The resulting solution was promptly added to 4
(0.100 g, 0.129 mmol). After 30 minutes, the reaction solution was diluted with DCM (~2 mL)
and extracted with saturated NaHCO; solution (4 x 2 mL). The water layers were combined and
back extracted with DCM (5 x 3 mL). The DCM solution was dried with MgS0, and filtered
through celite. The remaining MgSO, was washed with DCM and filtered through the celite until

the washings were nearly colorless. The solvent was removed in vacuo. EtOAc (0.5 g) was added



50

to the resulting residue and the solution was triturated until a precipitate was visible. Hexanes
(5 mL) was added to the heterogeneous stirring EtOAc solution and the precipitate was collected
on a fine porosity fritted funnel. Residual precipitate remaining in the vial was redissolved in
DCM and solvent removed in vacuo. EtOAc (0.5 g) was added to the resulting residue, followed
by the addition of hexanes (5 mL). The precipitate was collected on the same fritted funnel.
Again, the residual precipitate in the vial was redissolved in DCM and the solvent was removed
in vacuo. EtOAc (0.5 g) was added to the residue followed by the addition of hexanes (5 mL). The
resulting precipitate was again collected with the same fritted funnel. The isolated precipitate
consisted of the product from the major coordination diastereomer of the 4 in 88% yield with a
2% impurity by mass (77.0 mg, 0.113 mmol). The filtrate was dried in vacuo and the isolated
material was the product of the minor coordination diastereomer of 4 in 6.5% yield (5.7 mg,
0.008 mmol). The isolated yield of the reaction is therefore 92%. NOTE: 8 can be produced with
a variety of bases in addition to quinuclidine, including DABCO and PPhs. *H NMR (CDCls, 6): 9.56
(s, 1H, CHO), 8.39 (d, J = 2.0, 1H, PzA3), 7.99 (d, J = 2.0, 1H, PzB3), 7.69 (d, J = 2.0, 2H,
PzB5/PzC5), 7.6 (d, J = 2.0, 1H, PzA5), 7.2 (d, J = 2.0, 1H, PzC3), 6.5 (s, 1H, H2), 6.32 (s, 1H, H4"),
6.27 (m, 2H, PzA4/PzB4), 6.17 (t, J = 2.0, 1H, PzC4), 6 (d, J = 8.0, 1H, H6), 5.99 (s, 1H, H4'), 5.79
(dd, J=8.0, 5.6, 1H, H5), 2.76 (ddd, J = 12.8, 10.2, 5.6, 1H, H4), 1.84 (d, /= 10.2, 1H, H3), 1.21 (d,
J = 8.3, 9H, PMe;); *C NMR (CDCls, 6): 194.4 ((CO)-aldehyde), 168.9 ((CO)-amide), 153.7 (C2'),
144.9 (PzA3), 143.3 (PzB3), 140 (PzC3), 136.7/136.1 (PzB5/PzC5), 135.8 (PzA5), 131.2 (C4'), 118.1
(C6), 115.9 (C5), 106.5/106.3 (PzA4/PzB4), 106.2 (PzC4), 61.3 (C3), 44.6 (d, J = 10.4, C4), 23.3
(Acyl-Me), 13.77 (d, J = 27.9, PMes); *'P NMR (CDCls, 8): -12.28 (Jyp = 282 Hz); CV (MeCN): £, , =
+0.54 V; IR: Vo = 1558 cm™, Vamige = 1616 €M™, Venone = 1685 cm™, vgy = 2491 cm™; ESI-MS obs'd

(%), calc'd (%), ppm [(M+H)"]: 679.1832 (85.7), 679.1816 (91.2), 2.4; 680.1852 (46.6), 680.1837
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(85), 2.3; 681.186 (100), 681.1855 (100), 0.7; 682.1893 (23.8), 682.1877 (51), 2.4; 683.1894

(93.2), 683.1896 (79.3), 0.3.

N

NH

3-(pyridin-2-yl)-1H-indole: (9)

MeCN (2.02 g) was added to a vial containing 7 (0.050 g, 0.0675 mmol) and CuBr, (0.038 g, 0.170
mmol). The pale yellow heterogeneous solution became deep orange and homogeneous within
about 1 minute. The solution was allowed to stir for 45 minutes when it was removed from the
glovebox and diluted with 15 mL of DCM. Saturated aqueous Na,CO; solution (15 mL) was added
to the new solution to precipitate any insoluble salts. The DCM was removed and placed in a
separate flask. The water layer was extracted with DCM (2 x 15 mL). The combined DCM layers
were washed with saturated aqueous Na,CO; (15 mL) and then dried with MgS0O,. The MgS0,
was removed by filtering through a 30 mL medium porosity fritted funnel and was washed with
DCM until the washings were nearly colorless. The solvent was removed in vacuo. The orange
residue was slowly loaded onto a glass supported Al,O; preparatory TLC plate (1000 micron x 20
c¢cm x 20 cm) and eluted with 2.5% EtOAc in DCM (by volume). The alumina containing the blue
fluorescent band with an R; = 0.29 was removed from the plate and was slowly washed with
distilled Et,0 (150 mL) over a 15 mL fine porosity fritted funnel. Et,0 was removed in vacuo
yielding a solid residue in 31% vyield (0.004 g, 0.0206 mmol). Characterization of 9 has been

previously published.?
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Chapter 3

Stereo- and Regioselective Nucleophilic
Addition to Dihapto-Coordinated Pyridine
Complexes
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Introduction:

The chemical nature of aromatic molecules is fundamentally altered by their
coordination to transition metals.® For example, the arenes in complexes such as (n6—
arene)Cr(CO),,** [(n’*-arene)Mn(CO),]",** [(n’*-arene)FeCp]’, [(n*-arene)RuCp]’,** and
(T]B-arene)Mo(CO).j10 are susceptible to nucleophilic substitution, addition, or side-chain
activation,’* ultimately leading to the formation of substituted arenes or
cyclohexadienes. Over the past four decades, the application of nG-arene complexes to
organic synthesis has been widely demonstrated.’> While such complexes are more
reactive than their organic counterparts, an n°-bound arene remains largely aromatic. A
complementary approach to activating aromatic molecules has been nz-coordination.13

In this case, the metal-aromatic bond is stabilized primarily by interaction of a filled

metal d_ orbital with a * orbital of the aromatic ligand, and through this interaction,

the aromatic it system becomes both more localized and more electron-rich.*®

Nui\ Ef\
== =

\ electron L | LU electron
—M— flow
L//M\Lﬂ flow L/I\I/I\l_
L L
n® Arene n? Arene
Aromatic Dearomatized

While the chemistry of arene m complexes has been thoroughly eprored,12

14-17

comparatively less is known about the chemistry of m-bound heterocycles. Consider
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the pyridine complex TpW(NO)(PMeg)(nz-pyridine) (1), in which the heterocycle is
coordinated by W across C3 and C4 (M in Scheme 1). As a consequence of metal-to-
ligand t backbonding, the nucleophilicity at nitrogen is enhanced, providing a route to
stabilized pyridinium complexes.18 Such complexes were recently shown to undergo 5,6-
dialkoxylation (X = Y = OR) without compromising the coordinating metal, and the
subsequent addition of a nucleophile at C2 led to several novel A3—piperidines (Path 1).
The goal of the present study is to explore the first step of the complementary reaction
sequence (Path 2), and to compare this nucleophilic addition type to the analogous

reaction for n°-pyridines.**

R R
M\\\\ N — \ N°E
Nu
R R
N
E tandem vl [O]
N—E
N\ /

addition -
/ M % . .
Path 1

M Path 2 NG
Nu~
— tandem
N ONE addition
M\
Nu

Scheme 1: Synthetic Strategy.
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Results and Discussion:
In earlier work, nz—pyrrole and nz—furan complexes of Os(lIl), Re(l), and W(0)

were utilized in novel organic syntheses.lG’zo’21

However, until recently the development
of parallel chemistry for pyridines, diazines, diazoles, and other elementary aromatic
heterocycles has been hampered by a general thermodynamic preference of a transition
metal to coordinate at nitrogen.22 In a recent communication,™® we reported a work-
around for pyridine in which the nitrogen was temporarily blocked with BHs.
Coordination followed by deprotection under acidic conditions led to the n*-pyridinium
complex, 1H, which is the direct precursor to the nz-pyridine complex 1 (the pK, of 1H is
~10 (DMS0)).*® The conversion of the 3,4-n*pyridine complex to its k-N isomer was
found to have a sufficiently long half-life (78 minutes at 22 °C) that electrophiles could
be added to form stabilized pyridinium complexes (3-8 in Scheme 2).

Quantitative deprotonation of pyridinium 1H with DBU, followed by addition of
MeOTf results in the synthesis of 3 (Scheme 2). Residual salts were removed by
extraction with NaHCO; (aq, sat’d) and precipitation from methylene chloride was
induced by the addition of diethyl ether. 'H NMR spectroscopy indicated that the
methylpyridinium complex, 3, had an initial coordination diastereomer ratio (cdr)*® of
2.4:1, similar to that observed for the parent pyridinium complex 1H. Heating the
complex at 105 °C for 1 h changes the cdr from 2.4:1 to 1.2:1, and no further change is
noted after 23 h. In a similar manner, the pyridine complex 1 reacts with BH3;eTHF to

return the borane precursor (2) (*'P NMR). Alkylation could also be accomplished via a

Michael addition reaction. For example, when a solution of 1 was treated with MVK and
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a catalytic amount of the base triethylamine, addition of the enone [3 carbon to N occurs
smoothly to form 4. In an analogous manner, acrylonitrile can be combined with 1H to
form pyridinium complex 5 (see Scheme 2). For all alkylated products, key spectroscopic
features include a nitrosyl stretch feature at 1585 cm™, and a W(1/0) reduction potential
near one volt (vs. NHE; Table 1).23 COSY and HSQC, NOESY, and HMBC data confirm that

the pyridine ring is still coordinated across the C3-C4 bond.

MesP MesP MesP
V|\/~*“‘NO + V‘V»“\Nos -BH3 ‘ .»“NO
+ -~
N AN T/W\l\
P L AT P _N' -
[ | 2 7 2 . BH
1H (cdr = 3:1) (3:1)
l base BHs
MezP MeszP
3| NO . 3| NO MezP o
W“‘ W"‘ CHgon | ,“\\
NN SN T W S
TP | TP | N
b _N 3 _ NT
—oveq "CHs
1 (cdr = 21) b (241)
=/
‘ 2,0 \
MegP Me3P
‘ NO \ NO
o 5 n
W_a W
N —
3 2/+ \Z V\Z
6 Z=Ac(10:1) 4 Z=COMe (15:1)
['2=Bz (>20:1) 5 Z=CN (2.6:1)

8 Z = Tf (>20:1)

eq = equilibrium ratio

Scheme 2. Electrophilic substitution at nitrogen.
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Deprotonation of 1H with 2,6-di-tert-butylpyridine (DTBP) provides an
equilibrium concentration of 1 that readily reacts with acetic anhydride to form the
acetylpyridinium complex 6. Subsequent heating (55 2C, 5.5 h) allowed for the isolation
of 6 in high yield (94%) and in good cdr (>10:1)."® The use of less bulky or more basic
amines was found to be incompatible with the desired product. Preparation of the
benzoyl analog 7 required the use of a stronger base (2,6-lutidine), which presumably
generates a higher equilibrium concentration of 1 to react with the benzoic anhydride.
But while 7 could be isolated, it was found to be contaminated with lutidinium salts.
Subsequent heating of 7 (2.5 h at 55°C) resulted in a cdr of >20:1. In a similar manner,
the reaction of 1 with triflic anhydride and DTBP led to the in situ generation of the
triflyl analog 8, this time with a cdr of >20:1 and without the need for heating. Attempts
to isolate this complex were unsuccessful, presumably owing to its chemical instability,
but NMR, IR and electrochemical analysis confirm the addition of the triflyl group (Table

1).

Nucleophilic Additions:

Exploration of the chemistry of the parent pyridinium 1H is complicated by the
incompatibility of an acidic proton with basic nucleophiles. Therefore, our preliminary
screening of nucleophiles was carried out with three N-substituted pyridinium
complexes of differing electronic character. The methylpyridinium (3), pyridine borane
(2), and acetylpyridinium (6) complexes provide a broad range of NO stretching

frequencies and reduction potentials (Table 1). The acetylpyridinium, 6, shows a cdr
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slightly lower than that of the benzoyl (7) or trifyl (8) analogs, but it can be prepared in
significantly higher yield, scale, and purity. Each of these pyridinium complexes (2, 3,
and 6) were subjected to 2-(TMSO)propene, a reagent known to generate a
dihydropyridine in combination with the organic N-carboethoxypyridinium salt.”* While
backbonding is anticipated to lessen the electrophilicity at C2, the localization of the it
system is expected to enhance the reactivity at this position. Whereas both the borane
and methyl pyridinium complexes were unreactive to the silyl enolate, the
acetylpyridinium complex 6 reacted (vide infra) to form product 9 (Scheme 3). Key
spectroscopic features for this dihydropyridine complex include chemical shifts
consistent with an organic alkene, NOE interactions between C5 and PMe3, and between
C2 and the pyrazole ring trans to the phosphine (pzas)."® Also of note, the C6 proton
showed an NOE interaction with the enamide methyl group (also for 10-18; vide infra)
indicating a major enamide conformer as depicted in Scheme 3. In contrast to what was

observed with carboethyoxypyridinium ion,?+*

no C4-substitution was detected, and
the cdr for the reaction products was >10:1. In an attempt to carry out an
intramolecular C2 reaction with an enolate, the MVK adduct 4 was treated with various
bases, KO'Bu being typical. For all attempts, the k-N pyridine complex (1N; Scheme 3)

was the only tungsten species detected (*'P NMR), presumably the result of a retro-

Michael reaction and isomerization of 1 to 1N.
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Scheme 3: Reactivity screening of pyridinium compounds.

Given the encouraging preliminary reactivity and stereoselectivity shown by
acetylpyridinium 6, this compound was combined with a diverse range of nucleophiles
in order to determine the compatibility of this tungsten system. Of key interest here was
the relative ability of the nucleophile to attack the acetyl group, the pyridine ring, the
nitrosyl group,26 or the metal itself (i.e., ligand substitution). Further, for cases in which

the nucleophile would add to the pyridine ring, we sought to determine whether C4
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addition would compete with C2 addition, given the dynamic nature of nz-aromatic

complexes.23

Me3P

Me:gp CH3

' 3O p—— NO
TD/W\}G\I o —6> /Wg NS
& ;or N

Nu:- CHs S Nu-

Electrochemical analysis using cyclic voltammetry (CV) proved to be a valuable
tool for the rapid monitoring and analysis of reactions as the addition of nucleophiles to
cationic species dramatically lowers the W(I/0) reduction potential (E°, as estimated
from Ep.). Monitoring reactions with *1p NMR was equally valuable, given the sensitivity
of *¥W-3'P coupling constants to the nature of the organic ligand (Figure 1). A complete
list of electrochemical and *'P NMR data along with '*H NMR data for the key feature
O(H2) is provided in Table 1.

The addition of NaBH, to a solution of the acetylpyridinium complex 6 in MeOH,
resulted in vigorous effervescence, a 3.81 ppm upfield shift in P NMR (-9.20 ppm —-
13.01 ppm), and about 0.8 V negative shift (1.20 V — 0.36 V) in the reduction potential
of the product compared to its precursor. The *'P NMR spectrum indicated the
formation of a single new complex (10) while the electrochemical data indicated that
the cationic complex had been neutralized (see Figure 1). A dichloromethane/NaHCO3
(ag, sat’d) workup in air removed MeOH and salts generated in the reaction and
subsequent precipitation allowed for the isolation of a tan solid in 89% vyield. A 'H NMR

spectrum of the isolated material (10) contains a diastereotopic methylene group (Ad =

1.2 ppm), two bound alkene resonances, two enamide alkene resonances, and the
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acetyl methyl group, as well as the typical spectroscopic features for {TpW(NO)(PMes)}.
Comprehensive 3¢ and 'H characterization was achieved through analysis of COSY,

NOESY, HSQC, and HMBC data.

sy s1p 270-309 Hz 431 Hz

| |
X
X W - X —
wW-|| Q\l w-|| W-N_ )
Q}J"E \ﬂ/ _N N/
Nu O

n2-pyridinium  n2-dihydropyridine n2-pyridine  1-N pyridine

i ! l

[ r 2 — — l
l

150 1.25 1.00 075 050 025 0.00 -0.75V, NHE
W() + e —=  W(0)

31 183
P-

Figure 1: Electrochemical and W coupling data®® used to monitor reactions.

Cyanide addition to the acetylpyridinium complex (6) was attempted with NaCN
but the formation of the intense turquoise color characteristic of 1N and a negative shift
of more than 2 V in the reduction potential (see Figure 1) indicated that deacylation of
the nitrogen had pre-empted nucleophilic addition to the ring. Using TMSCN as a source
of cyanide, no deacylation was observed, however *'P NMR data indicated that the
reaction to form 11 did not go to completion. The addition of DABCO solved this
problem by neutralizing the TMS group, thus completing the Reissert-like reaction

sequence to form 11 in 88% yield. Proton and carbon resonances were similar to that of
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the parent dihydropyridine complex 10, and IR data confirmed the presence of a nitrile.
The chemical shift (6.41 ppm) of the methine proton H2 seemed anomalous at first, but
2D NMR and NOE data indicated that the methine is shifted downfield by the anisotropy
of one of the pyrazole rings, in addition to its o position to the CN group. Proton
coupling between H2 and H3 (< 2 Hz) indicated a Karplus angle near 90°, and therefore
that the CN group has assumed an axial position. Both pyrrole and indole also were
found to react at C2 of the acetylpyridinum complex (6) under mild conditions. Pyrrole
selectively reacts at the o carbon (51%) while indole undergoes electrophilic
substitution at the B carbon of the heterocycle (12; 61%)."® Notably, these aza-Friedel-
Crafts alkylations proceed only in the presence of a modest base (2,6-lutidine).
Spectroscopic analysis again confirms consistent control of the stereochemistry at C2, in
which addition occurs anti to the metal.

Given the important role that dihydropyridines have played in the synthesis of
alkaloids, and the high degree of regio- and stereocontrol observed in the preliminary
screening, we widened our study to include other C-C bond forming reactions that are
mainstays of modern organic synthesis. For example, ZnEt, and MeMgBr both
successfully transferred alkyl groups to C2 with no detectable deacylation (CV and 31p
NMR), generating 13 (88%) and 14 (57%), respectively.

A Reformatsky reaction was achieved by reducing the C-Br bond of methyl
bromoacetate using Zn° dust to form 15 in 87% yield. An X-ray analysis of a single crystal
of 15 confirms the stereoselective anti-to-tungsten addition of the nucleophile to C2

(Figure 2). In a similar fashion, allyl bromide and Zn°, when combined with 6, generated
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the 2-allylated dihydropyridine 16 (89%). Deprotonation of ethynyltrimethylsilane with
methyl lithium followed by addition to 6 resulted in a large amount of deacylation.
However, the addition of ZnBr; to the ((trimethylsilyl)ethynyl)lithium solution prior to
addition provided for clean transfer of the alkynyl group to the ring yielding 17 (89%).
Triethylamine and DABCO were both found to produce intractable mixtures with 6, but
in the presence of nitromethane they are effective bases for the Henry reaction,
delivering 18 in 85% yield. An X-ray analysis of 18 confirms the assigned stereochemistry

(Figure 2).
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Figure 2: ORTEP diagrams of 18 (left) and 15 (right).

While many of the reactions portrayed in Scheme 4 are similar to known
reaction chemistry of in situ-generated acyl pyridinium salts,?” often the latter reactions
are plagued by poor regiochemistry of the nucleophilic addition. Several strategies have
been developed to overcome this problem, most involve inserting a substituent at the 4-

position (e.g., SnMe3, OMe) that can later be removed or chemically elaborated. In the
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present study, tungsten plays a similar role. Organic acylpyridiniums are typically far too
reactive to be isolated, and it is remarkable that the tungsten pacifies the acyl group to

the point that it can be readily isolated even in the presence of water.®
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Reagents and conditions: (a) NaBH,, MeOH, 89%; (b) indole, lutidine, 61%; (c) ZnEt,, 88%,; (d) MeMgBr, 57%; (e) zn°
Allylbromide, CuCN, 89%; (f) Meli, ethynyltrimethylsilane, ZnBr,, 89%; (g) MeNO,, NEt; or DABCO, 88%; (h) zn°,
methyl 2-bromoacetate, 87%; (i) TMSCN, DABCO, 88%; (j) in all cases W = {TpW(NO)(PMej3)} with coordination

diastereomer ratio (cdr) ratio > 10:1.

Scheme 4: Scope of nucleophilic additions to 6.
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Table 1: Properties of tungsten pyridine complexes.

Epa(NHE) P § (Jigsw-a1p) v(NO) (cm™) H2 8"
IN® E;p=-0.78V -10.02 (431)° 1503 8.59, 6.45
1H#®  +0.83V -10.14 (295)%, -13.95 (285)* 1592 8.98, 8.99°
1% 0.00 V -11.43 (309)°, -13.36 (300)° 1547 8.57, 8.75"
218 +0.44 V -12.98 (298), -15.18 (292) 1585 8.65, 8.56
3 +1.05 V -12.66 (289), -16.07 (280) 1585 8.98,9.14
4 +0.97 V -12.56 (286), -16.13 (279) 1585 9.20% 9.22¢
5 +1.02 V -10.93 (292), -14.63 (282) 1585 9.30¢ 9.34¢
61° +1.20 V' -9.61 (283), -14.33 (276) 1611 9.00°,9.38
7 +1.23 V -9.45 (283), -14.38 (276) 1612 8.98%,9.23
8 +1.48 V -8.53 (278), -14.52 (270) 1620 8.33,8.71
9 +0.54 V' -12.01 (283) 1562 5.85°
10 +0.37 V -12.25 (281) 1558 5.43,4.21
11 +0.64 V -12.27 (278) 1566 6.41
12 +0.51 V' -10.59 (283)* 1539 6.77°
13 +0.47 V -12.09 (284) 1562 5.31
14 +0.45 V -12.14 (282) 1562 5.61
15 +0.51 V -12.16 (282) 1562 5.91
16 +0.51V -12.12 (282) 1562 5.58
17 +0.58 VV -12.02 (281) 1566 6.28
18 +0.60 V -12.28 (282) 1566 6.28

a— DMSO-dg, b — recorded at 100 mV/s in DMAc/TBAH unless otherwise noted, c — recorded in CD3;CN, d -
acetone-dg, € - generated in situ upon addition of DBU to 1H in DMSO-dg, f - NO,, 1550 cm'l, g -insitu
substitution of pyridine (solvent), h —recorded in CDCl; unless otherwise noted, i- recorded in CH3;CN.

The dearomatization agent {TpW(NO)(PMe;3)}**>* along with its predecessors

{Os(NHs)s}*,*® {TpRe(CO)(Melm)},***>*? and {TpMo(NO)(Melm)}*?, have been shown to
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tolerate a broad range of electrophiles including proton, acetals, activated alkenes and
alkynes, alkyl halides, acylating reagents, and most recently electrophilic oxygen and
halogen sources in their reaction with nz—bound aromatic Iigands.34 In contrast, only a
handful of mild nucleophiles have been successfully added to n>-bound ligands of these
metal fragments (hydride, protected enolates, amines, CN’, alkoxides), and in no other
case until now have they been added directly to an nz—aromatic ligand. For ns—pyridine
complexes, the reported range of nucleophilic additions is even narrower (DIBAL and
alkyl lithiums),* owing in part to the difficulties in complexing the pyridine ligand and its

aromatic nature.'

Concluding Remarks:

With C3 and C4 of pyridine coordinated by the dearomatization agent
{TPW(NO)(PMes)}, the heterocyclic nitrogen becomes 6-7 orders of magnitude more
basic. This nitrogen can be acylated or alkylated forming stable pyridinium complexes.
The acylated form of this complex readily undergoes regio- and stereoselective
nucleophilic addition at C2 anti to the tungsten, whereas dihydropyridines are relatively
fragile compounds in their uncoordinated state.* Although nz—dihydropyridine
complexes can be converted into a free 2-substitued pyridines (e.g., 12),*® their greatest

potential may be as precursors to highly functionalized piperidines (Scheme 1).
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Experimental Details:
General Methods. NMR spectra were obtained on a 300 or 500 MHz spectrometer (Varian

INOVA or Bruker Avance). All chemical shifts are reported in ppm. Proton and carbon shifts are
referenced to tetramethylsilane (TMS) utilizing residual *H or ™C signals of the deuterated
solvents as an internal standard. Phosphorus NMR signals are referenced to 85% Hs;PO, (6 =
0.00) using a triphenylphosphate external standard (6 = -16.58). Coupling constants (J) are
reported in hertz (Hz). Infrared spectra (IR) were recorded on a MIDAC Prospect Series (Model
PRS) spectrometer as a glaze on a Horizontal Attenuated Total Reflectance (HATR) accessory
(Pike Industries). Electrochemical experiments were performed under a dinitrogen atmosphere
using a BAS Epsilon EC-2000 potentiostat. Cyclic voltammetry data was taken at ambient
temperature at 100 mV/s (25 °C) in a standard three-electrode cell from +1.7 to —1.7 V with a
glassy carbon working electrode, N,N-dimethylacetamide (DMA) or acetonitrile (MeCN) solvent
(unless otherwise specified), and tetrabutylammonium hexaflurophosphate (TBAH) electrolyte
(approx. 0.5 M). All potentials are reported versus NHE (Normal Hydrogen Electrode) using
cobaltocenium hexafluorophosphate (E;, = -0.78 V), ferrocene (E;, = +0.55 V), or
decamethylferrocene (E;;, = +0.04 V) as an internal standard. The peak-to-peak separation was
100 mV or less for all reversible couples. High resolution electrospray ionization mass
spectrometry (ESI-MS) analyses were obtained from the University of lllinois at Urbana-
Champaign Mass Spectrometry Laboratory or at the University of Richmond on a Bruker BioTOF-
Q running in ESI mode. The latter from samples dissolved in water/acetonitrile solution
containing trifluoroacetic acid and/or sodium trifluoroacetate (NaTFA), adn using [Na(NaTFA),]"
clusters as an internal standard. Unless otherwise noted, all synthetic reactions were performed
in a glovebox under a dry nitrogen atmosphere. Drisolve dichloromethane (DCM) and benzene

was purified by passage through a column packed with activated alumina. Drisolve THF
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(tetrahydrofuran) was used as received. Other solvents and liquid reagents were thoroughly
purged with nitrogen prior to use. Deuterated solvents were used as received from Cambridge
Isotopes. Pyridine borane is commercially available through Sigma-Aldrich and was used as
received. Acetic anhydride and benzoic anhydride were distilled from CaH, at reduced pressure
prior to use. Methyl bromoacetate is commercially available. General proton assignments were
made in accordance with the Figure S1 (see supplemental information). Pyrazole, Pz, protons of
the (tris-pyrazolyl)borate, Tp, ligand were uniquely assigned using a combination of 2-
dimensional NMR experiments and phosphorous-proton coupling (Figure S2, see supplemental
information).! When unambiguous assignments were not possible, Pz protons were labeled as
Tp protons. Coordination diastereomers are described by the defining feature’s (ie.
heteroatom’s) proximity to the PMe; ligand relative to the W-PMe; bond (e.g. the fewer number
of bonds from the PMej; passing through the upper portion of the coordinated ring system to

the defining feature dictates the proximal (P) ligand).

MesR Me;R

NO -OTf
\w“‘\\ -OTf \W\\\\\NO ?A
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Y w N )
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TpW(NO)(PMe;)(3,4-n*-N-methylpyridinium)(OTf) (3): DBU (0.045 g, 0.293 mmol) in ~% mL of
DCM was added to a heterogeneous orange solution of 1H (0.204 g, 0.278 mmol) in ~1 mL DCM_
completely dissolving the solid and giving a light yellow-green solution. After 1 min methyl
triflate (0.049 g, 0.299 mmol) was added, and the solution stirred for an additional 1 min. The
now bright red solution was removed from the glovebox and extracted with 3 x 1 mL NaHCO;
(aq, sat’d) and back-extracted with ~1 mL of DCM. The DCM layer was dried over MgSQO, and
filtered through a celite column. The solvent was evaporated, and the resulting residue was

returned to the glovebox, dissolved in minimal DCM, and added to Et,O (~75 mL) to precipitate
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a solid. The orange solid was collected by filtration using a 15 mL medium porosity fritted funnel
and dried in vacuo to give a 3 (0.198 g, 0.221 mmol, 79%). ‘*H NMR (CDCls, 6): 8.98 (d, J = 5.2, 1H,
H2), 8.06 (d, J = 2.0, 1H, PzA3), 7.83 (m, 3H, 3Tp's), 7.74 (d, J = 2.0, 1H, PzA5), 7.39 (d, J = 2.0, 1H,
Tp), 6.74 (dd, J = 7.4, 5.4, 1H, H5), 6.37 (t, J = 2.0, 1H, PzA4), 6.34 (m, 2H, 2Tp's), 5.96 (d, J = 7.4,
1H, H6), 3.97 (s, 3H, Me), 3.8 (ddd, J = 12.6, 7.7, 5.4, 1H, H4), 2.33 (dd, /= 7.7, 5.2, 1H, H3), 1.19
(d, J = 8.8, 9H, PMe3), Minor Isomer, 9.14 (d, J = 4.4, 1H, H2), 7.93 (d, J = 2.0, 1H, PzA3),7.9 (d, J =
2.0, 1H, PzB3), 7.83 (m, 2H, 2Tp's), 7.7 (d, J = 2.0, 1H, PzA5), 7.22 (d, J = 2.0, 1H, PzC3), 6.92 (dd, J
=7.1,6.1, 1H, H5), 6.34 (m, 2H, 2Tp's), 6.26 (t, J = 2.0, 1H, PzA4), 5.9 (d, J = 7.1, 1H, H6), 4.00 (s,
3H, Me), 3.53 (m, 1H, H3), 2.41 (dd, J = 8.1, 6.1, 1H, H4), 1.31 (d, J = 8.6, 9H, PMe;). *C NMR
(CDCl,, 8): 171.5 (C2), 145.9 (Tp), 144.9 (Tp), 141.1 (Tp), 137.8 (Tp), 137.4 (Tp), 136.4 (Tp), 127.8
(C5), 120.8 (C6), 107.4 (3Tp's), 64.7 (C4, d, J =12.2), 58.5 (C3), 43.9 (Me), 12.8 (PMe3, d, J = 30.3),
Minor Isomer, 167.8 (C2), 144.3 (PzB4), 140.9 (Tp), 140.8 (Tp), 137.7 (Tp), 137.1 (Tp), 136.3 (Tp),
130.8 (C5), 118.6 (C6), 107.3/106.3 (3Tp's), 61.6 (C3), 61 (C4, d, J = 5.5), 44.0 (Me), 13.2 (PMe;,
d, J = 29.7).>'P NMR (CDCls, 8): major: -12.66 (Jwp = 289), minor: -16.07 (Jyp = 280). CV: E,, =
+1.05 V. IR: Vyo = 1585 cm™, vgy = 2499 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, M*: 595.1628
(100), 595.1624 (86.6), 0.7; 596.1660 (92.7), 596.1650 (79.4), 1.6; 597.1649 (100), 597.1648
(100), 0.3; 598.1698 (37.3), 598.1691 (40.3), 1.2; 599.1679 (100), 599.1680 (84.8), 0.2.

Me;R Me;R

NO
N o \,,
+ +
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TpW(NO)(PMe;)(3,4-n>-N-(3-oxobutyl)pyridinium)(OTf) (4): NEt; (0.006 g, 0.058 mmol) in ~%

-OTf

~A

mL of DCM was added to a heterogeneous orange solution of 1H (0.078 g, 0.106 mmol) in ~1 mL
DCM completely dissolving the solid and giving a bright red solution. After 1 min methyl vinyl

ketone (0.073 g, 1.044 mmol) was added and the resulting solution was stirred for 8 h. The
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resulting red homogeneous solution was added to ~50 mL of stirring Et,0 to precipitate an
orange solid. The orange solid was collected by filtration using a 15 mL medium porosity fritted
funnel and dried in vacuo to give a 4 (0.072 g, 0.089 mmol, 84%). 'H NMR (acetone-ds, 6):
Major: 9.20 (d, J = 5.7, 1H, H2), 8.57 (d, J = 2.0, 1H, Tp), 8.15 (d, J = 2.0, 1H, Tp), 8.13 (d, J = 2.0,
1H, Tp), 8.08 (d, J = 2.0, 1H, Tp), 7.94 (d, J = 2.0, 1H, Tp), 7.75 (d, J = 2.0, 1H, Tp), 7.07 (ddd, J =
7.4,5.6,1.4,1H, H5), 6.50 (t, J= 2.0, 1H, Tp), 6.45 (t, J = 2.0, 1H, Tp), 6.44 (t, /= 2.0, 1H, Tp), 6.31
(dd, J=7.4,1.2, 1H, H6), 4.51 (dt, J = 12.9, 4.0, 1H, B to ketone), 4.22 (dt, /= 12.9,4.4, 1H, B to
ketone), 4.03 (ddd, J = 12.0, 7.7, 5.6, 1H, H4), 3.15-3.30 (m, 2H, methylene a to ketone), 2.44
(dd, J = 7.7, 5.7, 1H, H3), 2.02 (s, 3H, methyl), 1.30 (d, J = 9.1, 9H, PMes); Minor: 9.22 (d, J = 6.0,
1H, H2), 8.57 (d, J = 2.0, 1H, Tp), 8.13 (d, J = 2.0, 1H, Tp), 8.12 (d, J = 2.0, 1H, Tp), 8.09 (d, J = 2.0,
1H, Tp), 7.97 (d, J = 2.0, 1H, Tp), 7.72 (d, J = 2.0, 1H, Tp), 7.07 (dd, /= 7.8, 5.8, 1H, H5), 6.49 (t, J =
2.0, 1H, Tp), 6.44 (t, J = 2.0, 1H, Tp), 6.38 (t, J = 2.0, 1H, Tp), 6.24 (dd, J = 7.8, 1.2, 1H, H6), 4.55
(dt, J = 12.9, 3.9, 1H, B to ketone), 4.26 (dt, J = 12.9, 5.0, 1H, B to ketone), 3.80 (ddd, J = 13.4,
8.6, 6.0, 1H, H3), 3.00-3.15 (m, 2H, methylene a to ketone), 2.44 (dd, J = 8.6, 5.8, 1H, H4), 2.07
(s, 3H, methyl), 1.39 (d, J = 8.9, 9H, PMe3). 3¢ NMR (acetone-ds, 68) (for both isomers, the
methyl resonances could not be observed as they are buried under the acetone-dg septuplet
near 29 ppm): Major: 206.9 (carbonyl), 174.1 (C2), 147.7 (Tp), 146.2 (d, J = 2.3, Tp), 142.6 (Tp),
139.0 (Tp), 138.5 (Tp), 137.5 (Tp), 129.3 (d, J = 3.4, C5), 120.2 (C6), 108.4 (Tp), 108.0 (Tp), 107.7
(Tp), 65.9 (d, J = 12.1, C4), 58.7 (C3), 53.3 (B to ketone), 44.1 (a to ketone), 12.5 (d, J = 30.5,
PMe;); Minor: 206.5 (carbonyl), 170.2 (2), 145.3 (d, J = 2.1, Tp), 142.4 (Tp), 142.1 (Tp), 138.9
(Tp), 138.4 (Tp), 137.5 (Tp), 131.9 (d, J = 3.4, C5), 118.6 (C6), 108.2 (Tp), 108.1 (Tp), 107.2 (Tp),
63.4 (d, J= 2.6, C4),61.1 (d, J = 6.0, C3), 53.6 (B to ketone), 44.6 (a to ketone), 13.5 (d, J = 29.9,
PMes). >'P NMR (CDCls, 8): major: -12.56 (Jp = 286), minor: -16.13 (Jyp= 279 ). CV: E,,= +0.97 V.

IR: R: Vyo = 1585 cm™, veo = 1701 cm™, vgy =2503 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, M™:
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651.1880 (75.8), 651.1887 (84.8), 1.0; 652.1923 (68.3), 652.1912 (80.1), 1.7; 653.1913 (100),
653.1911 (100), 0.4; 654.1958 (54), 654.1953 (42.7), 0.8; 655.1947 (100), 655.1943 (84), 0.5.

Me?’P\ No oo Me3p\ No  -oTf

0
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TpW(NO)(PMe;)(3,4-n*-N-(2-cyanoethyl)pyridinium)(OTf) (5): A solution of NEt; (0.013 g, 0.125
mmol) in ~2 mL of acrylonitrile was added to 1H (0.108 g, 0.147 mmol) completely dissolving the
solid into a bright red solution. After 3 h the solution was added to ~75 mL of stirring Et,0
precipitating a solid. The orange solid was collected by filtration using a 15 mL medium porosity
fritted funnel and dried in vacuo to give a 5 (0.094, 0.112 mmol, 76%). "H NMR (acetone-ds, 6):
Major: 9.30 (d, J=5.9, 1H, H2), 8.40 (d, J = 2.0, 1H, Tp), 8.12-8.20 (3H, 3 Tp), 7.95 (d, / = 2.0, 1H,
Tp), 7.82 (d, J = 2.0, 1H, Tp), 7.11 (ddd, J = 7.3, 5.8, 1.3, 1H, H5), 6.52 (t, J = 2.0, 1H, Tp), 6.48 (t, J
=2.0, 1H, Tp), 6.42 (dd, J = 7.3, 1.2, 1H, H6), 6.37 (t, J = 2.0, 1H, Tp), 4.45-4.65 (m, 2H, methylene
B to nitrile), 4.11 (ddd, J = 12.9, 7.2, 5.8, 1H, H4), 3.05-3.30 (m, 2H, methylene a to nitrile), 2.57
(ddd, J =7.2, 5.9, 1.2, 1H, H3), 1.32 (d, J = 9.2, 9H, PMe3); Minor: 9.34 (d, J = 5.0, 1H, H2), 8.12-
8.20 (3H,3Tp), 8.11 (d, J=2.0, 1H, Tp), 7.99 (d, / = 2.0, 1H, Tp), 7.76 (d, J = 2.0, 1H, Tp), 7.32 (t, J
=6.7, 1H, H5), 6.51 (t, / = 2.0, 1H, Tp), 6.46 (t, J = 2.0, 1H, Tp), 6.39 (t, J = 2.0, 1H, Tp), 6.36 (dd, J
=6.7,1.0, 1H, H6), 4.45-4.65 (m, 2H, methylene B to nitrile), 3.91 (ddd, J = 8.0, 5.2, 5.0, 1H, H3),
3.05-3.30 (m, 2H, methylene a to nitrile), 2.48 (dd, J = 6.7, 5.2, 1H, H4), 1.40 (d, J = 8.6, 9H,
PMe;). *C NMR (acetone-ds, 6): Major: 173.4 (C2), 146.9 (Tp), 146.4 (Tp), 142.7 (Tp), 139.0
(Tp), 138.6 (Tp), 137.7 (Tp), 129.2 (d, J = 2.7, C5), 120.1 (C6), 118.5 (CN), 108.4 (Tp), 108.0 (Tp),
107.6 (Tp), 66.4 (d, J = 13.1, C4), 59.8 (C3), 53.9 (P to nitrile), 21.4 (a to nitrile), 12.5 (d, J = 30.8,
PMes); Minor: 168.8 (C2), 145.5 (Tp), 142.5 (Tp), 142.0 (Tp), 138.9 (Tp), 138.4 (Tp), 137.6 (Tp),

132.1 (C5), 118.5 (CN), 118.0 (C6), 108.3 (Tp), 108.1 (Tp), 107.2 (Tp), 63.5 (C4), 62.2 (d, J = 13.1,
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C3), 53.7 (B to nitrile), 21.2 (a to nitrile), 13.2 (d, J = 29.9, PMes). *'P NMR (Acetone-ds, 8): major:
-10.93 (Jwp = 292), minor: -14.63 (Jyp = 282). CV: E,, = +1.02 V. IR: vyo = 1585 cm™, vgy = 2252
cm™, gy = 2499 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, M*: 634.1739 (84.7), 634.1734 (85.3),
0.8; 635.1767 (81.1), 635.1759 (80), 1.2; 636.1760 (100), 636.1757 (100), 0.4; 637.1800 (51.6),

637.1799 (42), 0.2; 638.1803 (100), 638.1790 (84.2), 2.0.

Me3P
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TpW(NO)(PMe;)(3,4-n*-N-benzoylpyridinium)(OTf) (7): 2,6-Lutidine was added to a
heterogeneous orange solution of 1H (0.200 g, 2.730 mmol) and benzoic anhydride (0.381 g,
1.685 mmol) in MeCN (1.42 g) giving a deep red and homogenous solution within several
minutes. The reaction solution was placed in a 55 °C oil bath, and allowed to stir for 2.75 h, then
removed from heat and The solution was then added to 80 mL of stirring Et,0. After stirring for
about 15 minutes, the red-orange precipitate was collected on a 15 mL medium porosity fritted
funnel, washed with 5 x 5 mL portions of Et,0, then redissolved in MeCN (1.40 g). The resulting
deep red solution was added to another 80 mL of stirring Et,0, precipitting a red-orange solid.
This precipitate was collected on a 15 mL medium porosity fritted funnel, washed with 5 x 5 mL
portions of Et,0, and dried under vacuum yielding 0.154 g (0.184 mmol, 67%); 0.125 g (0.149
mmol, 63%) after adjustment for the lutidinium impurity, as determined by ‘H NMR. Removal of
the lutidinium salt was possible but rely on several more re-precipitations. ‘H NMR (CD;CN, 6):
8.98 (d, J=5.7, 1H, H2), 8.15 (d, J = 2.0, 1H, PzB3), 8.08 (d, / = 2.0, 1H, PzC5), 8.07 (d, /= 2.0, 1H,
PzA3), 8.03 (d, J = 2.0, 1H, PzB4), 7.86 (d, J = 2.0, 1H, PzA5), 7.84 (d, J = 2.0, 1H, PzC3), 7.79 (m,
2H, H9), 7.74 (m, 1H, H11), 7.62 (m, 2H, H10), 6.53 (t, J = 2.0, 1H, PzA4), 6.49 (t, J = 2.0, 1H,

PzB4), 6.41 (m, 2H, C5/C6), 6.37 (t, J = 2.0, 1H, PzC4), 4.28 (dt, J = 11.8, 6.0, 1H, C4), 3.55 (dd, J =
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6.0, 5.7, 1H, C3), 1.22 (d, J = 9.5, 9H, PMes). *C NMR (CD4CN, 8): 169.7 (Amide-CO), 163.1 (C2),
148.2 (PzA3), 147.1 (PzB3), 142.9 (PzC3), 139.5 (Tp), 139.3 (Tp), 138.6 (Tp), 133.9 (C11), 131.6
(C8), 130 (€9/C10), 121.5/117.6 (C5/C6), 109 (PzB4), 108.4 (PzA4), 66.9 (C3), 66.4 (d, J = 13.3,
C4), 13.0 (d, J = 32.1, PMe3). **P NMR (CDCls, §): major: -9.45 ppm (Jyp = 283), minor: -14.38 (Jyp
=276). CV: E, .=+ 1.23 V. IR: vyo = 1612 cm™, veo = 1708 cm™, vgy = 2507 cm™. ESI-MS: obs'd (%),
calc'd (%), ppm, M": 685.1727 (85.7), 685.1736 (82.2), 1.4; 686.1747 (46.6), 686.1762 (80.6), 2.2;
687.1754 (100), 687.1761 (100), 1.0; 688.1787 (26), 688.1801 (45.3), 2.0; 689.1788 (93.2),
689.1793 (83.5), 0.7.

Me3P
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TpW(NO)(PMej;)(3,4-n*-N-(trifluoromethylsulfonyl)pyridinium) (OTf) (8): Tf,O (0.011 mg, 0.040
mmol) was added to a heterogeneous orange solution of 1H (0.024 g, 0.033 mmol), DTBP (0.009
g, 0.048 mmol), and CDCl; (0.87 g) to become a deep red homogeneous solution over a couple
of minutes. "H NMR (CDCls, 6): Tp and DTBP signals are omitted; only pyridinium ring protons
reported as determined by COSY. Major: 8.33 (d, J = 5.5, 1H, H2), 6.55 (burried, 1H, H5), 6.08 (d,
J=7.6,1H, H6), 4.51 (dt, J = 11.0, 5.8, 1H, H4), 3.73 (dd, J = 5.8, 5.5, 1H, H3), 1.27 (d, J = 9.5, 9H,
PMes). Minor: 8.71 (d, J=5.0, 1H, H2), 6.56 (t, /= 6.9, 1H, H5), 6.01 (d, J = 6.9, 1H, H6), 5.00 (dt, J
=5.7,5.0, 1H, H3), 3.10 (t, J = 6.9, 1H, H4), 1.29 (d, J = 8.9, 9H, PMe;). *'P NMR (CDCls, &): -8.53
(Jwe = 278), minor: -14.52 (Jyp = 270). CV: E, , = + 1.48 V. IR: Vyo = 1620 cm™, vgy = 2519 cm™.

Me3P
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TpW(NO)(PMe;)(3,4-n*-(1-(pyridin-1(2H)-yl)ethanone)) (10): NaBH, (2.480 g, 65.56 mmol) was
added to a 50 mL Erlenmeyer flask containing methanol (21.5 mL) giving a white slurry which
was quickly added to a flame dried 1 L Erlenmeyer flask containing a homogeneous deep red
solution of 6 (5.009 g, 6.470 mmol) in methanol (25.0 mL). The mixture vigorously effervesced
and turned green. The solution was allowed to cool for about 5 minutes then removed from the
glovebox. Upon exposure to air, the green color dissipated (due to the rapid oxidation of a very
small amount of byproduct 1N oxidation in air). The reaction solution was diluted with 85 mL
DCM and washed with 5 x 40 mL portions of NaHCO; (aq, sat’d). The combined water layer was
back-extracted with 3 x 30 mL portions of DCM. The combined DCM layers were dried with
Na,S0O,, filtered through a 150 mL course porosity fritted funnel and the solvent removed in
vacuo. The residue was dissolved in 15 mL DCM, then 15 mL EtOAc, and then 300 mL hexanes
was added to precipitate a tan solid. The solution was cooled with an ice bath for 0.5 hour and
the precipitate collected on a 60 mL medium porosity fritted funnel. The residue on the flask
was redissolved in 8 mL DCM, then 8 mL EtOAc, and then 150 mL of hexanes were added giving
a precipitate which was collected on the same 60 mL funnel, washed with 2 x 30 mL portions of
hexanes, and dried under vacuum (3.615 g, 5.774 mmol, 89%). "H NMR (CDCls, §): 8.34 (d, J =
2.0, 1H, PzA3), 7.99 (d, J = 2.0, 1H, PzB3), 7.69 (m, 2H, PzB5/PzC5), 7.58 (d, J = 2.0, 1H, PzA5),
7.23(d,J=2.0, 1H, PzC3), 7.26 (t, J = 2.0, 1H, PzB4), 7.24 (t, J = 2.0, 1H, PzA4), 6.19 (t, J = 2.0, 1H,
PzC4),5.98 (d, /= 7.5, 1H, H6), 5.82 (dd, J = 7.5, 5.3, 1H, H5), 5.43 (d, / = 13.4, 1H, H2(syn)), 4.21
(dd, J = 13.4, 2.7, 1H, H2(anti)), 2.83 (ddd, J = 13.3, 10.3, 5.3, 1H, H4), 2.16 (s, 1H, Amide-Me),
1.69 (d, /= 10.3, 1H, H3), 1.25 (d, J = 8.3, 9H, PMe3). >C NMR (CDCl, §): 169.0 (Amide-CO), 144.9
(PzA3), 143.3 (PzB3), 139.9 (Pz(C3), 136.6/136.0 (PzB5/PzC5), 135.4 (PzA5), 119.9 (C6), 116.7
(C5), 106.4 (PzA4/PzB4), 106.0 (PzC4), 58.7 (C3), 45.9 (C4, d, J = 10.3), 41.0 (C2), 22.7 (Amide-

Me), 14.0 (PMe;, d, J = 27.9). *'P NMR (CDCls, 8): -12.25 (Jwp = 281). CV: E,, = +0.37 V. IR: vyo =
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1558 cm™, Vamide = 1612 cM™, Vajkene = 1635 cm™, vgy = 2488 cm™’. ESI-MS: obs'd (%), calc'd (%),
ppm, (M+H)": 625.1724 (90.3), 625.1730 (85.9), 1.0; 626.1770 (82.5), 626.1756 (79.6), 2.3;
627.1782 (100), 627.1754 (100), 4.5; 628.1833 (48.8), 628.1797 (41.2), 5.9; 629.1816 (95.1),
629.1786 (84.6), 4.8.
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TpW(NO)(PMe3;)(3,4-n*-(1-(2-deuteropyridin-1(2H)-yl)ethanone)) (10-Deutero): NaBD, (0.276 g,
6.59 mmol) was added to MeOD (1.707 g) and the heterogeneous solution was quickly added to
a 500 mL flame dried Erlenmeyer flask containing a homogeneous deep red solution of 6 (0.500
g, 0.646 mmol) in MeOD (1.973 g). The mixture vigorously effervesced and turned green. The
solution was allowed to cool for about 5 minutes then removed from the glovebox. Upon
exposure to air, the green color dissipated (due to the rapid oxidation of a very small amount of
byproduct 1N oxidation in air). The solution was diluted with DCM (20 mL) and extracted with 3
x 20 mL portions of NaHCO; (aq, sat’d). The combined aqueous solution was back-extracted with
2 x 20 mL portions of DCM and combined with the original DCM extract. The DCM layer was
dried with Na,SO,, filtered through a 30 mL medium porosity fritted funnel, and the solvent
removed in vacuo. The residue was dissolved in 2 mL DCM, then 2 mL EtOAc, and then 25 mL of
hexanes were added to precipitate a tan solid that was collected on a 30 mL medium porosity
fritted funnel. The solid residue remaining in the precipitation flask was redissolved with 1 mL
DCM, then 1 mL EtOAc, and then precipitated with 13 mL hexanes. The precipitate was collected
on the same 30 mL medium porosity fritted funnel as the first precipitate and was washed with
2 x 15 mL portions of hexanes, and the combined precipitate was dried under vacuum (0.335 g,

0.534 mmol, 83%). *H NMR (CDCls, 8): 8.33 (d, J = 2.0, 1H, PzA3), 7.98 (d, J = 2.0, 1H, PzB3), 7.68
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(t, J = 2.0, 2H, PzB5/PzC5), 7.57 (d, J = 2.0, 1H, PzA5), 7.22 (d, J = 2.0, 1H, PzC3), 6.25 (t, J = 2.0,
1H, PzB4), 6.22 (t, J = 2.0, 1H, PzA4), 6.19 (t, J = 2.0, 1H, PzC4), 5.97 (d, J = 7.4, 1H, H6), 5.81 (dd,
J=7.4,5.4, 1H, H5), 5.40 (s, 1H, H2), 2.82 (ddd, J = 15.5, 10.3, 5.4, 1H, H4), 2.16 (s, 3H, Amide-
Me), 1.67 (d, J = 10.3, 1H, H3), 1.24 (d, J = 8.2, 9H, PMe;). >C NMR (CDCls, §): 168.9 (Amide-CO),
144.8 (PzA3), 143.2 (PzB3), 139.8 (PzC3), 136.4/136.0 (PzB4/BzC5), 135.3 (PzA5), 119.8 (C6),
116.7 (C5), 106.3 (2 Tp's), 106.0 (Tp), 58.5 (C3), 45.8 (C4, d, J = 10.7), 40.5 (C2, s=1t, J = 21.0),
22.8 (Amide-Me), 13.9 (PMe3, d, J = 27.9). *'P NMR (CDCls, 8): -12.22 (Jyp = 282). CV: E,, = +0.43
V. IR: Vyo = 1562 ¢M™, Vaene = 1643 cM™, Vamice = 1616 cm™, v, = 2484 cm™. ESI-MS: obs'd (%),
calc'd (%), ppm, (M+H)": 626.1784 (93.5), 626.1799 (85.8), 2.4; 627.1799 (93.8), 627.1824 (79.6),
4.0; 628.1823 (100), 628.1823 (100), 0.0; 629.1853 (56.4), 629.1865 (41.2), 1.9; 630.1840 (81.5),

630.1855 (84.6), 2.4.

TpW(NO)(PMe;)(3,4-n*-(1-acetyl-1,2-dihydropyridine-2-carbonitrile) (11): TMSCN (1.975 g,
19.907 mmol) was added to a deep red solution of 6 (3.003 g, 3.879 mmol) in DCM (9.75 g) .
Upon the addition of DABCO (0.438 g, 3.905 mmol) the solution became warm and gently boiled
for a few seconds. Over the course of 3 hours the solution cooled and turned dark yellow. The
reaction was removed from the glovebox, diluted with 25 mL DCM, and was extracted with 5 x
25 mL portions of NaHCO; (aq, sat’d). The water layers were combined and back-extracted with
3 x 20 mL portions of DCM. The combined DCM layers were dried with Na,SO,, filtered through
a 60 mL course fritted funnel, and the solvent removed in vacuo. The residue was dissolved in 12

mL DCM, then 12 mL EtOAc, and then 200 mL hexanes were added to precipitate a tan solid that
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was collected on a 60 mL medium porosity fritted funnel. The solid residue remaining in the
flask was dissolved in 6 mL DCM, then 6 mL EtOAc, and then 100 mL hexanes were added giving
a precipitate that was collected with the original material. The combined product was washed
with 2 x 30 mL portions of hexanes and dried under vacuum (2.210 g, 3.394 mmol, 88%). H
NMR (CDCls, 6): 8.10 (d, J = 2.0, 1H, PzA3), 7.98 (d, J = 2.0, 1H, PzB3), 7.73 (d, J = 2.0, 1H, PzC5),
7.71(d, J=2.0, 1H, PzB5), 7.61 (d, J = 2.0, 1H, PzA5), 7.26 (d, J = 2.0, 1H, PzC3), 6.41 (s, 1H, H2),
6.28 (t, / = 2.0, 1H, PzB4), 6.26 (t, J = 2.0, 1H, PzA4), 6.25 (t, / = 2.0, 1H, PzC4), 6.02 (dd, J = 7.4,
5.5, 1H, H5), 5.96 (d, /= 7.4, 1H, H6), 2.91 (ddd, / = 13.0, 10.1, 5.5, 1H, H4), 2.22 (s, 3H, Acyl-Me),
1.93 (d, J = 10.1, 1H, H3), 1.25 (d, J = 8.4, 9H, PMe3). *C NMR (CDCls, 8): 169.0 (CO), 144.63
(PzA3), 143.4 (PzB3), 140.1 (PzC3), 136.8 (PzC5), 136.5 (PzB5), 135.8 (PzA5), 123.1 (CN), 117.6
(C5), 116.9 (C6), 106.8 (PzB4), 106.7 (PzA4), 106.4 (PzC4), 61.2 (C4), 44.1 (d, J = 11.2, C3), 41.6
(C2), 22.6 (Acyl-Me), 13.7 (d, J = 28.7, PMe3). *'P NMR (CDCls, 6): -12.27 (Jyp = 278). CV: E,, =
+0.64 V. IR: Vyo = 1566 ¢M-1, Vamide = 1620 cM-1, Vajene = 1651 cm-1, vey = 2225 cm-1, vgy = 2492
cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 650.167 (88.7), 650.1689 (85.1), 2.9; 651.1767
(83.5), 651.1714 (79.9), 8.1; 652.171 (100), 652.1712 (100), 0.3; 653.1769 (45), 653.1754 (42.1),

2.3; 654.178 (90.6), 654.1745 (84.2), 5.4.

TpW(NO)(PMe;)(3,4-n*-(1-(2-ethylpyridin-1(2H)-yl)ethanone)) (13): ZnEt, (1.445 g, 11.70 mmol)
in THF (1.77 g) was added to a flame dried 125 mL Erlenmeyer flask containing a deep red slurry
of 6 (3.004 g, 3.880 mmol) in THF (7.17 g) and was allowed to stir for 40 minutes as it became

homogeneous and dark yellow. The solution was diluted with 25 mL DCM and slowly neutralized
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with NH,CI (aq, sat’d) in a glovebox. The dark yellow solution was removed from the glovebox
and extracted with 3 x 50 mL portions of NH,Cl (aqg, sat’d). The combined water layers were
backed extracted with 3 x 20 mL portions of DCM. The combined DCM layers were dried with
Na,S0,, filtered through a 150 mL course porosity fritted funnel, and the solvent removed in
vacuo. The residue was dissolved with 11 mL DCM, then 11 mL EtOAc, and then the material
precipitated with 300 mL hexanes. The tan precipitate was collected on a 150 mL medium
porosity fritted funnel. The residue remaining in the flask was dissolved in 4 mL DCM, then 4 mL
EtOAc, and then precipitated with 100 mL hexanes. The combined precipitate was collected on
the original frit and the material was washed with 2 x 75 mL portions of hexanes, and dried
under vacuum (2.233 g, 3.414 mmol, 88%). *H NMR (CDsCN, 6): 8.33 (d, J = 2.0, 1H, PzA3), 8.01
(d,J=2.0, 1H, PzB3), 7.86 (s (br), 2H, PzB5/PzC5), 7.77 (d, J = 2.0, 1H, PzA5), 7.39 (d, J = 2.0, 1H,
PzC3), 6.36 (t, J = 2.0, 1H, PzB4), 6.31 (t, J = 2.0, 1H, PzA4), 6.29 (t, J = 2.0, 1H, PzC4), 5.88 (dd, J =
7.5,5.4, 1H, H5), 5.78 (d, J = 7.5, 1H, H6), 5.31 (ddd, J = 6.5, 5.2, 1.1, 1H, H2), 2.87 (ddd, / = 13.4,
10.4, 5.4, 1H, H4), 2.07 (s, 3H, Acetyl-Me), 1.78 (m, 1H, H7), 1.49 (m, 2H, H7'/H3), 1.24 (d, J = 8.5,
9H, PMe;), 0.81 (t, J = 7.4, 3H, H8). *C NMR (CD;CN, &): 169 (Amide-CO), 145.1 (PzA3), 144.0
(PzB3), 141.2 (PzC3), 137.0/137.5 (PzB5/PzC5), 136.6 (PzA5), 118.0 (C5), 117.6 (C6),
107.1/106.9/106.7 (PzA4/PzB4/PzC4), 64.4 (C3), 50.9 (C2), 45.3 (C4, d, J =9.7), 31.3 (C7), 23.4
(Acetyl-Me), 13.7 (PMes, d, J = 28.4), 11.9 (C8). *'P NMR (CDCls, 8): -12.09 (Jyp = 284). CV: E, , =
+0.47 V. IR: vyo = 1562 cm™, Vamige = 1612 cm™, vy = 2488 cm™. ESI-MS: obs'd (%), calc'd (%),
ppm, (M+H)": 653.2016 (83.0), 653.2044 (84.8), 4.2; 654.2053 (79.7), 654.2069 (80.1), 2.5;
655.2056 (100), 655.2067 (100), 1.8; 656.2079 (74.3), 656.2109 (42.7), 4.6; 657.2094 (100),

657.2100 (84.0), 0.9.
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TpW(NO)(PMe;)(3,4-n*-(1-(2-methylpyridin-1(2H)-yl)ethanone)) (14): MeMgBr (1.4 M, 2.06 mL,
2.884 mmol) was added to THF (24.6 mL). The resulting solution was added to a 100 mL flame
dried round bottom flask containing a deep red slurry of 6 (2.189 g, 2.828 mmol) in THF (24.6
mL). The solution was allowed to stir for 15 minutes, removed from the glovebox, transferred to
a 1 L Erlenmeyer flask, and 875 mL of Et,O was added. The resulting solution was filtered
through a 150 mL medium porosity fritted funnel containing celite (2 cm). The filter bed was
washed with 2 x 50 mL portions of Et,0. The filter bed was discarded and the solvent from the
filtrate was removed in vacuo. The residue was dissolved in 11 mL DCM, then 11 mL EtOAc, and
then 185 mL hexanes was added to this solution to precipitate a pale pink solid. The solution
was cooled in an ice water bath to help precipitate any remaining material. The precipitate was
collected on a 150 mL medium porosity fritted funnel and washed with 2 x 20 mL portions of
hexanes (1.034 g, 1.615 mmol, 57%). The highest purity was obtained with a DCM/NaHCOj3; (aq,
sat’d) extraction. "H NMR (CDCls, &): 8.30 (d, J = 2.0, 1H, PzA3), 7.97 (d, J = 2.0, 1H, PzB3), 7.70
(d, J = 2.0, 1H, PzC5), 7.68 (d, J = 2.0, 1H, PzB5), 7.58 (d, J = 2.0, 1H, PzA5), 7.25 (d, J = 2.0, 1H,
PzC3), 6.25 (t, J = 2.0, 1H, PzB4), 6.23 (t, J = 2.0, 1H, PzA4), 6.2 (t, J = 2.0, 1H, PzC4), 5.79 (m, 2H,
H5/H6), 5.61 (q, J = 6.1, 1H, H2), 2.86 (dddd, J = 14.8, 10.3, 4.6, 1.1, 1H, H4), 2.16 (s, 3H, Acyl-
Me), 1.55 (d, J = 10.3, 1H, H3), 1.34 (d, J = 6.1, 3H, H7), 1.25 (d, J = 8.2, 9H, PMes). >C NMR
(CDCl;, 6): 168.3 (Amide-CO), 145.0 (PzA3), 143.3 (PzB3), 139.9 (Pz(C3), 136.4 (PzC5), 136.0
(PzB5), 135.4 (PzA5), 117.1/115.9 (C5/C6), 106.3 (PzA4/PzB4), 106 (PzC4), 65.4 (C3), 45 (C2),

44.6 (C4, d, J = 9.7), 23.3 (C7), 23.2 (Amide-Me), 13.9 (PMe;, d, J = 27.8). *'P NMR (CDCls, 6): -
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12.14 (Jyp = 282). CV: E, .= +0.45 V. IR: Vo = 1562 cM™, Vamige = 1612 €M™, Vyjene = 1640 cm™, vy
= 2484 cm™. ESI-MS obs'd (%), calc'd (%), ppm (M+H)": 639.1875 (94.5), 639.1893 (85.3), 2.8;
640.1887 (92.4), 640.1918 (79.8), 4.8; 641.1905 (100), 641.1917 (100), 1.9; 642.1933 (51.8),
642.1959 (41.9), 4.0; 643.1913 (79.7), 643.1949 (84.3), 5.6.

Me3P

\ No

"
Y

TpW(NO)(PMej;)(3,4-n*-(methyl-2-(1-acetyl-1,2-dihydropyridin-2-yl)acetate))  (15): Methyl
bromoacetate (193 mg, 1.262 mmol) was diluted with THF (5.0 g). The resulting solution was
added to a vial containing 6 (778 mg, 1.005 mmol) and Zn° dust (167 mg, 2.554 mmol) and the
deep red slurry was allowed to stir rapidly for 80 minutes as the solution became dark yellow
and mostly homogeneous (except for residual Zn° dust). The solution was filtered through celite
to remove any remaining Zn° dust. The filtrate was diluted with 15 mL DCM and extracted with 3
x 10 mL portions NaHCO; (aq, sat’d). The combined water layers were back-extracted with 3 x 5
mL portions of DCM. The combined DCM layer was dried with Na,SO, which was removed via
filtration over a 15 mL medium porosity fritted funnel, and the solvent removed in vacuo. The
residue was dissolved in 2.5 mL DCM and 2.5 mL EtOAc. Hexanes (50 mlL) was added to
precipitate a tan solid that was collected on a 30 mL medium porosity fritted funnel. Solid
material remaining in the precipitation flask was redissolved in 1 mL DCM and 1 mL EtOAc and
precipitated with 20 mL hexanes. The second precipitate was collected on the same funnel as
the first precipitate (0.611 g, 0.8708 mmol, 87%). "H NMR (CDCls, 6): 8.34 (d, J = 2.0, 1H, PzA3),
7.97 (d, J = 2.0, 1H, PzB3), 7.69 (d, J = 2.0, 1H, PzB5), 7.67 (d, J = 2.0, 1H, PzC5), 7.57 (d, J = 2.0,

1H, PzA5), 7.21 (d, J = 2.0, 1H, PzC3), 6.24 (m, 2H, PzA4/PzB4), 6.19 (t, J = 2.0, 1H, PzC4), 5.91 (t, J
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= 6.8, 1H, H2), 5.82 (m, 2H, H5/H6), 3.54 (s, 3H, Ester-Me), 2.82 (m, 1H, H4), 2.8 (dd, J = 13.2,
6.8, 1H, H7), 2.53 (dd, J = 13.2, 6.8, 1H, H7'), 2.14 (s, 1H, Amide-Me), 1.61 (d, J = 10.2, 1H, H3),
1.22 (d, J = 8.3, 9H, PMes). *C NMR (CDCl;, 6): 172.8 (Ester-CO), 168.6 (Amide-CO), 145.1 (PzA3),
143.2 (PzB3), 139.9 (PzC3), 136.5/136.0 (PzB5/PzC5), 135.4 (PzA5), 117.2/116.3 (C5/C6),
106.4/106.1 (PzA4/PzB4), 105.9 (PzC4), 63.4 (C3), 51.6 (Ester-Me), 47.2 (C2), 44.9 (C4, d, J = 9.9),
42.2 (C7), 23 (Amide-Me), 13.8 (PMe;, d, J = 27.8). *'P NMR (CDCl, 6): -12.16 (Jyp = 282). CV: E,,
= +0.51 V. IR: Vyo = 1562 cM™, Vamide = 1616 cM™, Vajene = 1643 cM™, Vegter = 1732 cm™, vgy = 2497
cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 697.1934 (93.5), 697.1948 (83.9), 2.0; 698.1959
(93.8), 698.1973 (80.1), 2.0; 699.1959 (100), 699.1972 (100), 1.9; 700.1996 (56.4), 700.2013
(43.6), 2.4; 701.1993 (81.5), 701.2004 (83.8), 1.6.

Me3P

TpW(NO)(PMe;)(3,4-n*(1-(2-allylpyridin-1(2H)-yl)ethanone)) (16): 6 (0.776 g, 1.002 mmol) was
added to a rapidly stirring heterogeneous solution of Zn° (0.130 g, 2.050 mmol) and allyl
bromide (0.188 g, 1.554 mmol) in THF (6.24 g). After 2.5 hours the dark yellow reaction solution
was filtered through a 15 mL medium porosity fritted funnel containing celite (1 cm) and diluted
with 20 mL DCM. The solution was extracted with 5 x 20 mL portions of NaHCO; (aq, sat’d) and
the combined water layers were back-extracted with 3 x 20 mL DCM, and the combined DCM
layer was dried with Na,SO,4. The drying agent was removed via filtration through a 150 mL
course porosity fritted funnel and the solvent removed in vacuo. The residue was dissolved in 2
mL DCM and 6 mL EtOAc and a tan precipitate formed upon the addition of 100 mL hexanes.

The solution was cooled to 0 °C for 0.5 hours to aid in precipitation. The precipitate was
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collected on a 30 mL medium porosity fritted funnel, washed with 2 x 15 mL portions of
hexanes, transferred to a vial, and placed under vacuum (0.596 g, 0.895 mmol, 89%). '"H NMR
(CDCls, 6): 8.39 (d, J = 2.0, 1H, PzA3), 7.97 (d, J = 2.0, 1H, PzB3), 7.7 (d, J = 2.0, 1H, PzC5), 7.68 (d,
J=2.0, 1H, PzB5), 7.57 (d, J = 2.0, 1H, PzA5), 7.23 (d, /= 2.0, 1H, PzC3), 6.24 (t, J = 2.0, 1H, PzB4),
6.23 (t,J=2.0, 1H, PzA4), 6.2 (t, J = 2.0, 1H, PzC4), 5.84 (m, 1H, H8), 5.80 (m, 2H, H5/H6), 5.58 (t,
J=6.9, 1H, H2), 4.95 (dd, J = 17.0, 2.1, 1H, H9), 4.88 (dd, J = 10.1, 2.1, 1H, H9'), 2.84 (m, 1H, H4),
2.59 (m, 1H, H7), 2.28 (m, 1H, H7'), 2.15 (s, 3H, Amide-Me), 1.66 (d, J = 10.3, 1H, H3), 1.23 (d, / =
8.2, 9H, PMe;). *C NMR (CDCl;, 6): 168.8 (Amide-CO), 145.3 (PzA3), 143.3 (PzB3), 139.8 (PzC3),
137.4 (C8), 136.5 (PzC5), 136.0 (PzB5), 135.4 (PzA5), 117.4/116.4 (C5/C6), 115.6 (C9),
106.6/106.3 (PzA4/PzB4), 106.0 (PzC4), 63.9 (C3), 48.9 (C2), 44.9 (C4, d, J = 9.7), 42.6 (C7), 23.1
(Amide-Me), 13.9 (PMe;, d, J = 27.8). *'P NMR (CDCI3, 8): -12.12 (Jyp = 282). CV: E,, = +0.51 V.
IR: Vno = 1562 cM™, Vamige = 1612 €M™, Vyjene = 1635 cm™, vy = 2484 cm™. ESI-MS: obs'd (%),
calc'd (%), ppm (M+H)": 665.2038 (85.5), 665.2044 (84.2), 0.8; 666.2070 (73.1), 666.2069 (80.3),
0.2; 667.2031 (100), 667.2068 (100), 5.5; 668.2049 (59.7), 668.2109 (43.4), 9.0; 669.2081 (100),

669.2100 (83.8), 2.9.

TpW(NO)(PMe;)(3,4-n*(1-(2-((trimethylsilyl)ethynyl)pyridin-1(2H)-yl)ethanone)) (17): Meli
(0.780 mL, 1.248 mmol) was added to a solution of TMS-acetylene (0.148 g, 1.507 mmol) in THF
(6.79g), which became warm. The light yellow solution was then added to a vial containing ZnBr,
(0.396 g, 1.758 mmol). The resulting solution was then added to a vial containing a deep red

slurry of 6 (0.775 g, 1.001 mmol) in THF (1.08 g) and the mixture was allowed to stir for 1 hour.
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The homogeneous dark yellow reaction solution was diluted with 20 mL DCM and extracted
with 5 x 30 mL portions of NaHCO; (aq, sat’d). The combined water layer was back-extracted
with 3 x 20 mL portions of DCM, dried with Na,SO,, filtered through a 150 mL course porosity
fritted funnel, and the solvent removed in vacuo. The residue was dissolved in 2 mL DCM, 6 mL
EtOAc, and then a tan solid precipitated upon the addition of 100 mL hexanes. The solution was
cooled using an ice bath for 0.5 hour to aid in precipitation. The tan precipitate was collected on
a 60 mL medium porosity fritted funnel, washed with 2 x 20 mL hexanes, and dried under
vacuum (0.640 g, 0.886 mmol, 89%). 'H NMR (CDCl3, 6): 8.23 (d, J = 2.0, 1H, PzA3), 7.95 (d, J =
2.0, 1H, PzB3), 7.71 (d, J = 2.0, 1H, PzC5), 7.68 (d, J = 2.0, 1H, PzB5), 7.57 (d, J = 2.0, 1H, PzA5),
7.29 (d, J = 2.0, 1H, PzC3), 6.28 (s, 1H, H2), 6.25 (t, J = 2.0, 1H, PzB4), 6.23 (t, J = 2.0, 1H, PzA4),
6.22 (t, J = 2.0, 1H, PzC4), 5.92 (m, 2H, H5/H6), 2.90 (dddd, J = 13.9, 10.1, 4.1, 1.8, 1H, H4), 2.20
(s, 3H, Amide-Me), 1.94 (d, J = 10.1, 1H, H3), 1.25 (d, J = 8.4, 9H, PMes), 0.10 (s, 9H, TMS). *C
NMR (CDCls, 6): 168.6 (Amide-CO), 145 (PzA3), 143.3 (PzB3), 140.2 (PzC3), 136.5 (PzC5), 136.1
(PzB5), 135.5 (PzA5), 117.6/116.7 (C5/C6), 111.1 (C7), 106.6/106.4/106.1 (PzA4/PzB4/PzC4),
83.3 (C8), 64.6 (C3), 44.4 (C4, d, J = 10.7), 42.0 (C2), 23.1 (Amide-Me), 28.0 (PMe;, d, J = 28.0),
0.5 (TMS). *'P NMR (CDCls, 8): -12.02 (Jwp = 281). CV: E,, = +0.58 V. IR: Vyo = 1566 cm™, Vamige =
1620 cM™, Vaene = 1643 €M™, Vajyne = 2160 cm™, vgyy = 2488 cm™. ESI-MS: obs'd (%), calc'd (%),
ppm, (M-H)": 719.1955 (72), 719.1970 (78.6), 2.0; 720.1975 (81.4), 720.1993 (80), 2.6; 721.1988
(100), 721.1992 (100), 0.6; 722.2035 (73.3), 722.2026 (49.2), 1.2; 723.2017 (100), 723.2024

(83.1), 1.0.




85

TpW(NO)(PMe;)(3,4-n>-(1-(2-(nitromethyl)pyridin-1(2H)-yl)ethanone)) (18): Procedure 1: A
solution of NEt; (0.109 g, 1.077 mmol) in DCM (1.01 g) was added dropwise to a stirring,
homogeneous, deep red solution of 6 (0.777 g, 1.004 mmol), MeNO, (2.08 g), and DCM (2.99 g)
making a dark yellow-green solution. The solution was allowed to stir for 40 minutes and then
was removed from the glovebox. The solution was diluted with DCM (20 mL) and extracted with
3 x 20 mL portions of NaHCO; (aq, sat’d). The combined water layer was extracted with 2 x 20
mL portions of DCM. The combined organic layer was dried with Na,SO,, filtered through a 150
mL course porosity fritted funnel, and the solvent removed in vacuo. The solid residue was
broken up with 3 mL DCM, then 6 mL EtOAc, and then precipitated further with the addition of
50 mL hexanes. The solution was cooled using in ice bath for 0.5 hours. The tan solid was
collected on a 30 mL medium porosity fritted funnel, washed with 2 x 15 mL portions of
hexanes, and dried under vacuum (0.606 g, 0.885 mmol, 88%). Procedure 2: A murky solution of
DABCO (0.121 g, 1.079 mmol), MeNO, (0.20 g), and DCM (2.0 g) was slowly added to a
homogeneous deep red solution of 6 (0.775 g, 1.001 mmol) in MeNO, (2.01 g) and DCM (2.02 g).
After 30 minutes the dark yellow/green solution was removed from the glovebox, diluted with
20 mL DCM, and extracted with 3 x 20 mL portions of NaHCO; (aq, sat’d). The combined water
layer was extracted with 2 x 20 mL portions of DCM. The combined organic layer was dried with
Na,S0,, filtered through a 30 mL course porosity fritted funnel, and the solvent removed in
vacuo. The solid residue was broken up with 2.5 mL DCM, then 2.5 mL EtOAc, and then
precipitated further with 50 mL hexanes. The tan/green precipitate was collected on a 30 mL
medium porosity fritted funnel. Residue remaining in the flask was dissolved in 1 mL DCM and 1
mL EtOAc and precipitated with 40 mL hexanes. The precipitate was collected on the same frit
and the combined precipitates were washed with 2 x 15 mL portions of hexanes, and dried

under vacuum (0.633 g, 0.924 mmol, 92%, with MeNO, impurity). "H NMR (CDCls, 6): 8.35 (d, J =
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2.0, 1H, PzA3), 8.01 (d, J = 2.0, 1H, PzB3), 7.75 (d, J = 2.0, 2H, PzB5/PzC5), 7.63 (d, J = 2.0, 1H,
PzA5), 7.25 (d, J = 2.0, 1H, PzC3), 6.28 (m, 4H, H2/PzA4/PzB4/PzC4), 5.91 (m, 2H, H5/H6), 4.74
(dd, J = 10.0, 8.7, 1H, H7), 4.48 (dd, J = 10.0, 5.0, 1H, H7'), 2.84 (m, 1H, H4), 2.2 (s, 3H, Amide-
Me), 1.55 (d, J = 9.7, 1H, H3), 1.26 (d, J = 8.4, 9H, PMe;). >C NMR (CDCls, 6): 169.3 (Amide-CO),
145.1 (PzA3), 143.3 (PzB3), 139.8 (PzC3), 136.7/136.3 (PzB5/PzC5), 135.6 (PzA5), 116.6 (C5/C6),
106.7/106.5/106.3 (PzA4/PzB4/PzC4), 80.1 (C7), 59.4 (C3), 48.9 (C2), 44.7 (C4, d, J = 10.2), 22.8
(Amide-Me), 13.7 (PMes, d, J = 28.4). *'P NMR (CDCI3, &): -12.28 (Jup = 282). CV: E,, = +0.60 V.
IR: Voz(sym) = 1385 €M™, Vyoagasy) = 1550 cm™, Viyo = 1566 cM™, Vamige = 1620 €M™, Vyjene = 1651 cm’
!, Vew = 2492 cm™. ESI-MS: obs'd (%), calc'd (%), ppm (M+H)*: 684.1735 (93.5), 684.1743 (84.8),
1.2; 685.1763 (93.8), 685.1769 (79.7), 0.9; 686.1763 (100), 686.1767 (100), 0.6; 687.1798 (56.4),

687.1808 (42.4), 1.5; 688.1804 (81.5), 688.18 (84.3), 0.6.
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Introduction:

Pyridines most commonly form complexes with transition metals via nitrogen
coordination, but reports of ns— and r]z—bound complexes have also emerged.l'10 The
latter types of complexes have shown potential as reagents for organic synthesis owing
to the ability of the metal to modulate the reactivity of the pyridine ring through the t
system.11 For example, the complex TpW(NO)(PMeg)(772—N—acetylpyridinium),lz'13 (1),
prepared from pyridine borane and TpW(NO)(PMes)(7°-benzene), smoothly undergoes
5,6-dialkoxylation (Scheme 1; X =Y = OR) when treated with Selectfluor® in an alcoholic
solvent,* without compromising the coordinating metal complex. Subsequent addition
of a nucleophile followed by oxidative decomplexation has led to several novel A*-
piperidines (Scheme 1, path 1).** The goal of the present study is to explore the
complementary reaction sequence (path 2), where nucleophilic addition at C2 provides
an nz-dihydropyridine15 complex that is activated by the metal toward additional

elaboration at the remaining exposed alkene (see Scheme 1).

Nu~
5 6 Path 1 X Y
T\+
4 _ N—E
\\“\ / E M\\\<:§
M Path 2 U
N—-E

Scheme 1: Two Pathways from a Pyridinium Complex to A3—Piperidines.
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Results and Discussion:

The acylpyridinium complex (1) has been shown to react with a broad range of
nucleophilic reagents common to conventional organic synthesis (Scheme 2).%In every
case examined, the nucleophile adds to C2 of the pyridine ring with complete
stereocontrol, where the nucleophile adds anti to the metal fragment. With a full range

of m’-1,2-dihydropyridine (DHP) complexes in hand (Scheme 2), we set out to

functionalize the remaining double bond (C5-C6).

N Wlll

o \\//m«

Reagents and conditions: (a) NaBH,4, MeOH, 89%; (b) indole, lutidine, 61%; (c) ZnEt,, 88%; (d) MeMgBr, 57%;
(e) zn° Allylbromide, CuCN, 89%; (f) MelLi, ethynyltrimethylsilane, ZnBr,, 89%; (g) MeNO,, NEt; or DABCO, 88%; (h)
zn° methyl 2-bromoacetate, 87%,; (i) TMSCN, DABCO, 88%; (j) in all cases W = {TpW(NO)(PMej3)} with coordination
diastereomer ratio (cdr) ratio > 10:1.

Scheme 2: Broad Scope of Nucleophilic Addition to Acetylpyridinium complex 1.

Enamides, like enamines, are polarized such that the -carbon is nucleophilic.'’

In the case of the DHP complexes 2-10 (see Scheme 2), this implies that addition of an
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electrophile would occur at C5, as shown in Figure 1. However, previous studies of nz-
coordinated 1,3-diene complexes with m-basic metals indicate a clear regiochemical
preference for electrophilic addition at the uncoordinated terminal alkene carbon.'®*
By analogy, electrophiles would react with DHP complexes at C6. Thus, the conjugation

of the C5-C6 bond to both the nitrogen and the tungsten presented the opportunity to

determine which effect dominates.

Enamide Influence _ E
P e e
¥ TwT
vs.

Metal Influence

- E
X ' E*
r

Figure 1: Enamine versus metal influence.

To address this issue for the case in which the electrophile (E¥) is H" (Figure 1),
the acid diphenylammonium triflate (DPhAT, 0.016 g, 0.050 mmol) was added to a
solution of dihydropyridine complex 2 (0.026 g, 0.042 mmol) in MeCN (0.30 g).
Monitoring the reaction via 31p NMR revealed an immediate reaction (i.e. <3 min). The
appearance of two new downfield 3'p resonances and an accompanying shift in the
nitrosyl stretching frequency from 1558 (for 2) to 1643 cm™ indicated a significant

reduction of the electron density on the metal.”® Precipitation of complex, 11, with
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diethyl ether was accomplished in 96% vyield. A 'H NMR spectrum indicated the
presence of two complexes (a, b) in a 3:1 ratio, each signified by two diastereotopic
methylene groups, and the absence of any deshielded resonance that could correspond
to an acyl-iminium proton. COSY data supported the notion that both components (11a,
11b) were allyl complexes; however, many of the resonances were overlapped making a
complete 'H NMR assignment difficult. Clarifying matters was a NOESY spectrum of 11,
which not only supported the structural features shown in Figure 2 but also revealed a
chemical exchange (CE) between the two species, occurring on the time scale of proton
relaxation. Taken together, these data are most consistent with 11a and 11b being C-N
rotational isomers, distinguished by the orientation of the amide group (see Figure 2).
Similar results were obtained when the ethyl analogue 3 was treated with triflic acid in
MeCN (Figure 2), in this case forming allyl 12 (97% vyield) as a 2.7:1 ratio of
conformational isomers.

A crystal of 11 was grown suitable for X-ray analysis, which confirmed the
expected structure (Figure 3). A comparison of bond lengths in allyl complex 11 reveals
that the allyl ligand is highly asymmetric (i.e., o-1t distortion) with C3 much farther from
the tungsten atom (2.59 A) than the other terminal allyl carbon C5 (2.28 A; A = 0.31 A).
Pioneering work by Faller, Hoffmann, et al. demonstrated that asymmetry in a m allyl
ligand can lead to highly selective nucleophilic additions to a terminal carbon,? a feature
we hoped to utilize (vide infra). More recently, Liebeskind*! and LegzdinsZZ have each
reported asymmetrically bound allyl complexes for group VI metals (referred to by

Liebeskind as ”nz—allyls"). This type of allylic distortion, which we attribute to the
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interaction of the allyl m* orbital and the d orbital orthogonal to the NO, has also been

observed by our group for a molybdenum system (A = 0.31A).%2

N
Wi Q
X HOTf a R
Wi | N ﬂ
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PZA éﬁﬁ'ﬂl
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between 12a and 12b

Figure 2: Amide rotational isomerization and chemical exchange.

Figure 3: ORTEP diagram of allyl complex 11. W-C3: 2.590 A W-C4: 2.289 A W-C5:

2.284 A C3-C4: 1.435 A C4-C5: 1.358 A. Triflate anion omitted.
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Deuterium studies were undertaken to probe the possibility that the kinetically
controlled site of protonation might be the C5 pyridine carbon (see Figure 1). Addition
of a DOTf/MeOD solution to the ethyldihydropyridine complex 3 resulted in >90%
incorporation of deuterium at the exo position of the C6 methylene group (12-d)
(Scheme 3). No incorporation was detected at any other ring-hydrogen. Alternatively,
the addition of MeOD to a CDsCN solution of 12 resulted in nearly complete deuterium
incorporation after 24 h at both of the C6 diastereotopic methylene protons. As before,
no other ring protons suffered exchange. We note that while deuterium was not
incorporated at C5, these experiments do not rule out this carbon from being transiently

deuterated.”*

H,' D /L
DOTf/MeOD Hs

N
W | N — \VAYALILEE
\n/ 1 min H
3 O

no deuterium 12-d
HOTf incorporation
other than H6

BN

N O MeOD
W e Q
24 h

12 12-d,

Scheme 3: Deuteration of Dihydropyridine complex 3.

Addition of HOTf to the cyano-substituted dihydropyridine complex 4 results in a
deep red solution. Proton NMR resonances of the resulting species 13 again suggest

significant n-allyl character; the protons associated with the bound carbons C4 and C5
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show nearly identical chemical shifts of 4.35 ppm (**C: 61.2 and 78.9 ppm), while the
chemical shift of H3 is 8.42 ppm (*3C: 147.9 ppm). Although a *H chemical shift of 8.42
ppm is not inconsistent with an iminium signal (resulting from C5 protonation), detailed
COSY and NOESY analyses clearly indicate that 13 is a m-allyl complex, similar to its 2-
ethyl and 2-hydrido cousins. The most deshielded signal (8.42 ppm) shows a coupling
with one of the hydrogen atoms of the two bound carbons. Additionally, the 8.42 ppm
signal shows a large nuclear Overhauser effect with the pyrazole trans-to-PMes and no
coupling with the geminal methylene group adjacent to piperidine nitrogen. Although
these data are consistent with an allylic species similar to 11 and 12, several
spectroscopic features indicated that it was an entirely different class of compound. In
the 'H NMR spectrum, the amide methyl signal is no longer at 2.1 ppm as is typical of
acetamides, but rather at 2.77 ppm. Also present is a broad singlet with an integration
of two protons at 8.1 ppm. The IR spectrum did not show any absorption consistent with
a nitrile CN stretch, nor was any signal present in the 3C NMR spectrum attributable to
a nitrile 3CN. Instead, three new chemical shifts at 103.1, 159.1, and 159.4 ppm were
present. These data, combined with HSQC and HMBC studies, confirmed the formation
of a dicationic allylic isoxazolium ring (Scheme 4), often referred to as a Riessert salt.2>%
Addition of DABCO to 13 results in the isolation of compound 14, a tautomer of 4.

Returning a sample of 14 to an acidic acetonitrile solution quantitatively regenerated

allyl 13 .
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PMe;
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Scheme 4: Formation of the Reisert-like Allyl Complex 13.

The asymmetric nature identified in the crystal structure of allyl 11 suggests that
the pyridine ring carbon C3 may be considerably more electrophilic than C5, and *C
NMR data for these two carbons further supports this hypothesis, showing a dramatic
contrast (64.6 vs 130.5 ppm, CD,Cly) in the two terminal allyl resonances. True to
expectation, when a series of nucleophilic reagents was introduced to the allyl complex
11, addition occurred exclusively at the C3 position, thereby desymmetrizing the
heterocyclic ring.

Although deprotonation sometimes pre-empted addition, the reaction of many
nucleophiles with the parent allylic piperidine 11 produced A3—piperidinamides (15-18).
Following these reactions via 31p NMR often revealed two major isomers (>90%) with a
small amount of deprotonation of the homoallylic protons (<10 %). NOESY analysis of

isolated samples of 15-17 all displayed chemical exchange, signifying amide



98

conformational isomers (vide supra). Of note, the two isomers (4:1 ratio) of 18 failed to
display chemical exchange in CDCl;. However, dissolution of a sample in acetone-dg
resulted in a ratio of nearly 1:1 for the two isomers and chemical exchange was
observed via NOESY. Evaporation of the NMR solvent and redissolving the residue of the
sample in CDCl3 returned the equilibrium ratio to 4:1, providing good support that the

two isomers of 18 are also amide conformational isomers (Scheme 5).

A

18

Scheme 5: Stereoselective Nucleophilic Addition to C3.

Addition of nucleophiles to the ethyl derivative 12 often resulted in

deprotonation of a homo-allylic proton, regenerating 3 (Scheme 6). However, under
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optimized reaction conditions, nucleophilic addition was effected. For example, when
ZnEt, was combined with 12 in the presence of CuCN, nucleophilic addition resulted in
complex 19 along with varying amounts of the dihydropyridine 3 (1.9:1 at -30 °C). In a
similar vein, treatment of 12 with lithium dimethyl malonate mostly resulted in the
dihydropyridine precursor at ambient temperature, but repeating this reaction at 0 °C
provided a nucleophilic addition product, 20 (Scheme 6). A full NMR analysis (COSY,
NOESY , HSQC, HMBC) indicated that these nucleophiles did not add to the pyridine ring
C3 but rather at the other allylic position, C5 (Scheme 6). Presumably, the vicinal
addition of two nucleophiles creates a steric interaction that overcomes the electronic
bias for C2 addition described in earlier reactions (Scheme 5).

O

ZnEtz,
5 Nk CuCN
Wlln..k - =
12
3
O OLi
\O = O/
X
W | N
Os5N ©
2% 10
+
P o O Ol
k ~ M e
N o o
W & -
NO,

21 (59%)

Scheme 6: Stereoselective Nucleophilic Addition to C5.
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Scheme 7: Elaboration of the Reissert-like Allyl Complex 13.

Given that the isoxazolium portion of 13 is presumably coplanar with the allylic
portion of the compley, it is likely to be less sterically demanding than an ethyl or nitro
group. Addition of (1-methoxy-2-methyl-1-propenyloxy)trimethylsilane (MMTP) to a
solution of 13 produces a single new compound, 22. 1H, 13C, 19F, HSQC, HMBC, NOESY,
and COSY NMR data confirm that MMTP added to the carbon adjacent to the still-intact
isoxazolium ring (Scheme 7). Attempts to add other nucleophiles (e.g. LiDMM, ZnEt,,
NaCN) that successfully added to the hydrido- or ethylallyl complexes 11 and 12,
resulted in deprotonation of the complex to generate the diene 14 (see Scheme 4).
Addition of DABCO to 22 resulted in a 2-cyanopiperidine complex (Scheme 7).
Alternatively, reduction of 22 with NaBH, in MeOH resulted in the 2-substituted primary
amide, 24. For both 23 and 24, a H2-H3 coupling of < 3 Hz indicates a similar
stereochemistry for these protons. Full 2D NMR analysis (COSY, NOESY, HSQC, and
HMBC) confirms the structural assignments of 23 and 24 provided in Scheme 7, where

protonation at C2 late in the reaction sequence forces the cyano or amide group syn to
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the metal. X-ray analysis of a suitable crystal of 23 provides confirmation of its structure

(Figure 4).

Figure 4: ORTEP diagram of tetrahydropyridine complex 23.

A3-Piperidine Demetalation:

With the A’-piperidine complexes 15-24 in hand, our focus turned to the
decomplexation and isolation of the organic A*-piperidines. The strategy most
commonly utilized for removal of the {TpW(NO)(PMes)} fragment involves oxidation of

13,2 .
3,28 Treatment of various As-

the metal, which curtails the metal-ligand back-bonding.
piperidine complexes with 1 equiv of ceric ammonium nitrate (CAN) successfully
liberated the alkaloid ligand (Scheme 8). Additionally, I, and dichlorodicyanoquinone

(DDQ) could be used as effective oxidants (Scheme 8). We also explored the ability of

molecular oxygen as a decomplexing agent. The highest recovery of organic compound
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by this method was obtained by stirring MeCN or EtOAc solutions of the complex and
silica” overnight in a flask under 1 atm of O(). Analysis revealed that complexes with
anodic peak potentials (E,,,) of more than ~ 0.5 V (vs. NHE), were resistant to oxidation
with Oy). In these cases, CAN could still be utilized to liberate the piperidines (vide
supra). Likewise, when the decomplexation study was expanded to include selected
dihydropyridine complexes, those with anodic peak potentials of greater than 0.5 V
were found to be resistant to oxidation with O, while those with anodic peak
potentials less than 0.5 V reacted with O, to give only ill-defined paramagnetic
complexes. In no case were 2-substituted pyridines recovered from these oxidative
decomplexation procedures. Isolating the tetrahydropyridine (THP) complexes by their
precipitation was often inefficient (see 29 in Scheme 8), so we settled on a procedure
where the THP complexes were generated in situ. Several examples of DHP elaboration
into organic piperidinamides (25-27, 29-36) are summarized in Scheme 8.

The reactions described above constitute a procedure to generate
piperidinamides with a diverse range of substituents, all from pyridine-borane in overall
yields of 21-28% for a five-step process (>75%/step). Although examples of nucleophilic
additions to C3 or C5 of the pyridine ring are possible using palladium coupling

30-32

techniques, we have found no examples where aromaticity of the pyridine is not

regained. Intramolecular radical cyclizations of open-chain enamides have been used to

33,34

generate 3-substituted piperidines. Other examples use 3-substituted piperidines,

35-37

synthesized via ring-closing metathesis, to generate asymmetric palladium

piperidine-allyl species via displacement of a leaving group. Addition of nucleophiles
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Scheme 8: Organic Products Recovered from Tetrahydropindine Complexes.
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such as malonates and amines, generate 3-substituted piperidines in good yield and
enantiomeric excess. While catalytic palladium has been utilized to generate allylic
species similar to that of the tungsten allyl complexes (which are generated by addition
of an electrophile rather than displacement of a nucleophile), we have found no
examples where this has occurred with a second substituent on the piperidine ring, as is

the case with dihydropyridine precursor complexes presented in this report.

Conclusions:

In previous work, the 1 base {TpW(NO)(PMes)} was used to generate a wide
range of N-acetylated 2-substituted dihydropyridine complexes.’® In this study, the
potential synthetic value of these DHP complexes is demonstrated. Tungsten
coordination directs protonation to C6 of the DHP ring, forming asymmetric m-allyl
complexes. In this regard, the tungsten fragment can be thought of as an electron-
donating group; the tungsten system is more effective at polarizing the C5-C6 bond than
is the conjugated acetamide. Additionally, the metal fragment stereoselectively directs a
subsequent nucleophilic addition anti to the metal, while the high electronic asymmetry
influences the regiochemistry of the addition. Oxidative demetalation yields a diverse
array of new A*-piperidines with unusual substitution patterns, the formation of which
signifies a reversal (i.e. umpolung) of the typical chemical reactivity associated with the

C5-C6 segment of a pyridine ring.
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Experimental Section:
General Methods. NMR spectra were obtained on a 300, 500, or 600 MHz spectrometer
(Varian INOVA or Bruker Avance). All chemical shifts are reported in ppm. Proton and carbon
shifts are referenced to tetramethylsilane (TMS) utilizing residual 'H or B3¢ signals of the
deuterated solvents as an internal standard. Phosphorus NMR signals are referenced to 85%
H;PO, (6 = 0.00) using a triphenylphosphate external standard (6 = -16.58). Coupling constants
(/) are reported in hertz (Hz). Infrared spectra (IR) were recorded on a MIDAC Prospect Series
(Model PRS) spectrometer as a glaze on a Horizontal Attenuated Total Reflectance (HATR)
accessory (Pike Industries) or a Nicolet Avatar 320 FT-IR spectrometer with a diamond HATR
attachment. Electrochemical experiments were performed under a dinitrogen atmosphere using
a BAS Epsilon EC-2000 potentiostat. Cyclic voltammetry data was taken at ambient temperature
at 100 mV/s (25 °C) in a standard three-electrode cell with a glassy carbon working electrode
using tetrabutylammonium hexaflurophosphate (TBAH) as an electrolyte (approx. 0.5 M in an
appropriate solvent). All potentials are reported versus NHE (Normal Hydrogen Electrode) using
cobaltocenium hexafluorophosphate (E;, = -0.78 V), ferrocene (E;, = +0.55 V), or
decamethylferrocene (E;;, = +0.04 V) as an internal standard. The peak-to-peak separation was
100 mV or less for all reversible couples. High resolution electrospray ionization mass
spectrometry (ESI-MS) analyses were obtained from the University of lllinois at Urbana-
Champaign Mass Spectrometry Laboratory, or at the University of Richmond on a Bruker
BioTOF-Q running in ESI mode, the latter from samples dissolved in 1:3 water/acetonitrile
solution containing trifluoroacetic acid and/or sodium trifluoroacetate (NaTFA), and using
[Na(NaTFA),]" clusters as an internal standard. Unless otherwise noted, all synthetic reactions
were performed in a glovebox under a dry nitrogen atmosphere. Drisolve dichloromethane

(DCM) and benzene were purified by passage through a column packed with activated alumina.
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Drisolve tetrahydrofuran (THF) was used as received. These and other solvents and liquid
reagents were thoroughly purged with nitrogen prior to use. Deuterated solvents were used as
received from Cambridge Isotopes. MMTP and ZnEt, are commercially available and used as
received. Lithium dimethyl malonate was prepared by the addition of Meli to a stirring solution
of dimethyl malonate in Et,0 precipitating a white solid that was filtered and used without
further purification. Triflate salts were synthesized by slow addition of Et,0 to an ice cooled vial
containing triflic acid followed by addition of this solution to an appropriate conjugate base
dissolved in Et,0. General proton assignments were made in accordance with the Figure S1 (see
supplemental information). Pyrazole, Pz, protons of the (tris-pyrazolyl)borate, Tp, ligand were
uniquely assigned using a combination of 2-dimensional NMR experiments and phosphorous-
proton coupling (Figure S2, see supplemental information). When unambiguous assignments
were not possible, Pz protons were labeled as Tp protons. Coordination diastereomers are
described by the defining feature’s (i.e. heteroatom’s) proximity to the PMe; ligand relative to
the W-PMe; bond (e.g. the fewer number of bonds from the PMe; passing through the upper
portion of the coordinated ring system to the defining feature dictates the proximal (P) ligand).

Crystallography. The molecular structures of compounds 11 and 23 were solved by direct
methods in SHELXTL. For compound 11, difference Fourier maps revealed the presence of two
triflate moieties. One of the moieties occupied general positions and its atoms were refined
with anisotropic thermal displacement parameters and occupancies of 1.0. However, the other
triflate anion was found on an inversion center located halfway between the S and C atoms. The
disorder was modeled by using half of the triflate moiety in which the atomic scattering factors
were (0.50 + 0.5F) for the overlapping F and O atoms and (0.5S + 0.5C) for the overlapping S and
C atoms. The final refinement supported this model resulting in reasonable thermal and metric

parameters. In addition, a careful inspection of the difference Fourier maps revealed the
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presence of a H atom bound to the amide O atom. This H atom is involved in a strong H bonding
between the O atoms of the amide groups (O..H..O distance is 2.41 A) from two complex
molecules related by an inversion center. The observed arrangement of the H atom imposes a
disorder, which was modeled by refining the H atom with an isotropic thermal displacement
parameter and a population parameter of 0.5. The final refinement gave reasonable values of
the thermal factors and the metric parameters describing the H bond system.

General Procedure 1 - In situ generated tetrahydropyridine complexes: A solution of HOTf in
MeCN was added to an oven dried test tube containing the appropriate dihydropyridine
complex precursor and was then placed into a 0 °C cold bath next to a separate oven dried test
tube containing a solution of LIDMM in MeCN. The solutions were allowed to cool for 10
minutes. The LIDMM solution was then quickly added to the tungsten allyl solution and allowed
to stir at 0 °C for 30 minutes. The solution was then removed from the cold bath and taken out
of the glovebox to stir at room temperature. After 15 minutes, the solution was diluted with 20
mL DCM, extracted with 3x10 mL NaHCO; (saturated, aqueous), back-extracted with 2x10 mL
DCM, the combined organic layers were dried MgSQ,, filtered through a 60 mL coarse porosity
fritted funnel, and the solvent removed in vacuo to leave a residue.

General Procedure 2 — Demetallation-Oxidation with O, ): Outside of the glovebox, the residue
from general procedure 1 was transferred to a 250 or 500 mL round bottom flask containing a
side arm attached to a balloon. The flask was charged with a Teflon stirbar, SiO, (~10 g), and 100
mL EtOAc. The balloon was filled with O, (;), was vented, and then refilled with O, (5. The
heterogeneous solution was stirred rapidly overnight, after which time the reaction solution was
filtered through a 150 mL medium porosity fritted funnel and washed with 250 mL of EtOAc. The

solvent was removed in vacuo, the residue was transferred to a 4 dram vial and the solvent was
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removed in vacuo once more. The organic compound was isolated according to general
procedure 5.

General Procedure 3 — Demetallation-Oxidation with CAN: Outside of the glovebox, CAN was
added to the flask containing the residue from general procedure 1 followed by acetone. The
solution was allowed to stir as the color changed from brown-orange to yellow over the course
of one hour. After this 1 hour, the reaction solution was transferred to a separatory funnel
containing 50 mL NaHCO; (saturated, aqueous) with 2x1 mL portions of acetone and a white
material precipitated. The water layer was extracted with 5x25 mL DCM, the combined organic
layers were dried MgSQ,, filtered through a 150 mL coarse porosity fritted funnel, and the
solvent removed in vacuo to yield a residue. The residue was transferred to a 4 dram vial with
DCM and the solvent was removed in vacuo once more. The organic compound was isolated
according to general procedure 5.

General Procedure 4 — Demetallation-Oxidation with DDQ;: The residue from general procedure
1 was diluted with a solution of DDQ in acetone and allowed to react for 1-2 hours. The reaction
solution was then removed from the glovebox, diluted with 20 mL DCM, extracted with 3x10 mL
NaHCO; (saturated, aqueous), back-extracted with 3x10 mL DCM, the combined organic layers
were dried with MgSQO,, filtered through a 30 mL medium porosity fritted funnel, and the
solvent removed by rotary evaporation. The residue was transferred to a 4 dram vial with DCM
and the solvent was removed once more. The organic compound was isolated according to
general procedure 5.

General Procedure 5 — Isolation of Liberated Alkene: Outside of the glovebox, the residue was
loaded onto a 20 cm x 20 cm x 500 um SiO, preparatory TLC plate and a 20 cm x 2 cm (wide) x
500 micrometer SiO, preparatory TLC plate with 4x0.3 g DCM and one or more 1 mL syringes.

The preparatory TLC plates were eluted side-by-side with an appropriate solvent. Once elution
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was complete the 2 cm wide plate was stained with KMnO, to help visualize the location of the
liberated alkene. The band corresponding to the organic compound was scraped from the 20 cm
wide plate, placed in a test tube with 15 mL EtOAc, and sonicated for 10 minutes to break up the
silica. The silica was collected on a 30 mL medium porosity fritted funnel, washed with 200 mL
EtOAc, and the solvent removed from the filtrate. The residue was then transferred to a tared
vial with DCM, the solvent removed by rotary evaporation, and the product dried in vacuo

overnight.

Me3P

TpW(NO)(PMe3;)(4,5-n*-(1-acetylpiperidin-4-ylium)(OTf). 11. A solution of HOTf (0.269 g, 1.792
mmol) in DCM (2.1 g) was added to a dark yellow solution of 2 (1.000 g, 1.597 mmol) in DCM
(4.1 g). After 2 minutes the reaction solution was diluted with DCM (6 g). It was then added to
300 mL of stirring Et,0 to form a tan precipitate. The slurry was allowed to stir for 0.5 h and the
precipitate was collected on a 15 mL medium porosity fritted funnel, washed with 2x15 mL Et,0,
and placed under vacuum (1.193 g, 1.537 mmol, 96% yield). "H NMR (CD,Cl,, &): 8.34 (d, J = 2.0,
1H, PzB3), 8.23 (d, J = 2.0, 1H, PzA3), 8.10 (d, J = 2.0, 1H, PzC3), 7.99 (d, J = 2.0, 1H, PzC5), 7.91
(d, J = 2.0, 1H, PzB5), 7.75 (d, J = 2.0, 1H, PzA5), 6.67 (d(br), J = 7.2, 1H, H3), 6.61 (t, J = 2.0, 1H,
PzC4), 6.54 (t, J = 2.0, 1H, PzB4), 6.36 (t, J = 2.0, 1H, PzA4), 5.27 (d, / = 19.5, 1H, H2), 5.13 (t, J =
7.8, 1H, H4), 4.99 (d, J = 19.5, 1H, H2'), 4.90 (d, J = 14.5, 1H, H6), 4.82 (d, J = 14.5, 1H, H6'), 4.34
(m, 1H, H5), 2.26 (s, 3H, Amide-Me), 1.26 (d, *Joy = 9.6, 9H, PMe;), Selected Minor Isomer
Signals: 8.12 (d, J = 2.0, 1H, PzA3), 6.27 (m, 1H, H3), 5.40 (d, J = 18.6, 1H, H6), 5.24 (buried, 1H,
H4), 4.70 (m, 1H, H5), 2.23 (s, 3H, Amide-Me), 1.27 (d, Ypy = 9.6, 9H, PMe;). *C NMR (CD,Cl,, 8):

173.3 (Amide-CO), 148.8 (PzA3), 145.0 (PzB3), 142.6 (PzC3), 139.3 (PzC5), 138.9 (PzA5/PzB5),
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130.5 (C3), 109.2/109.1 (PzB4/PzC4), 108.0 (PzA4), 96.4 (C4), 64.6 (d, Ypc = 15.4, C5), 46.9 (C2),
42.0 (C6), 21.8 (Amide-Me), 13.3 (d, Ypc = 32.9, PMes), Selected Minor Isomer Signals: 122.8
(C3), 98.5 (C4), 67.6 (C5), 46.8 (C6), 13.4 (d, Ypc = 32.7, PMes). **P NMR (CD,Cl,, 8): -6.73 (Jup =
261), -7.80 (Jwp = 260). Isomer Ratio: 3.1:1 (Chemical Exchange observed). IR: Vyo/amige = 1643
cm™?, Vg = 2515 cm™. CV (MeCN): E,.=+2.05V, E,. = -0.81V. ESI-MS: obs'd (%), calc'd (%), ppm
(M-OTf)": 625.1687 (98.5), 625.1736 (85.8), 7.8; 626.1747 (76.9), 626.1761 (79.6), 2.2; 627.1763
(100), 627.176 (100), 0.5; 628.1785 (50.9), 628.1802 (41.2), 2.7, 629.1817 (59.4), 629.1792
(84.6), 4.0. Anal. Calc’d for CyoH,9BFsNgOsPSW*'CH,Cl,: C, 29.29; H, 3.63; N, 13.01; Found: C,

29.50; H, 3.82; N, 12.95.

TpW(NO)(PMe;)(4,5-n*-(1-acetyl-2-ethylpiperidin-4-ylium))(OTf). 12. A solution of HOTf (0.241
g, 1.606 mmol) in MeCN (1.01 g) was added to a heterogeneous solution of 3 (1.007 g, 1.539
mmol) in MeCN (1.05 g) to make a homogeneous dark yellow solution. After 1 minute, the
reaction solution was added to 400 mL of stirring Et,0 to produce a tan precipitate. The
precipitate was collected on a 30 mL medium porosity fritted funnel, washed with 2x10 mL Et,0,
and placed under vacuum (1.200 g, 1.492 mmol, 97% yield with <1:1 molar ratio of Et,0 to
product via *H NMR). 'H NMR (CD;CN, 6): 8.38/8.34 (d, J = 2.0, 1H, PzB3) 8.27/8.17 (d, J = 2.0,
1H, PzA3), 8.06 (d, J = 2.0, 1H, PzC5), 8.02/8.00 (d, J = 2.0, 1H, PzC3), 7.98 (d, J = 2.0, 1H, PzB5),
7.86/7.84 (d, J = 2.0, 1H, PzA5), 6.59 (m, 1H, PzC4), 6.54 (m, 1H, PzB4), 6.39 (m, 1H, PzA4),
6.37/5.85 (m, 1H, H3), 5.57/5.53 (m, 1H, H2), 5.35/5.23 (t, J = 7.7, 1H, H4), 5.19/4.32 (d, J = 15.5,
2H, H6/H6'), 4.94/4.68 (d, J = 15.5, 2H, H6/H6') 4.69/4.30 (m, 1H, H5), 2.24/2.21 (s, 3H, Amide-

Me), 2.07/1.95 (m, 2H, H7/H7'), 1.21 (d, J = 10.0, 9H, PMes), 1.20 (d, *Jpy = 9.9, 9H, PMe;(min)),
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1.09/0.99 (t, J = 7.5, Ethyl-CH; (maj/min)). *C NMR (CDsCN, 6): 172.9/172.6 (Amide-CO),
149.2/148.5 (PzA3), 145.4/145.1 (PzB3), 143.5/143.3 (PzC3), 139.9/139.7/139.5
(PzA5/PzB5/PzC5), 131.2/122.3 (C3(maj/min)), 109.5 (PzB4), 109.1/109.2 (PzC4), 108.2 (PzA4),
99.3/98.1 (C4(min/maj)), 72.7 (C5(min)), 66.2 (d, *Jpc = 15.0, C5(maj)), 57.1/54.6 (C2), 47.1/41.0
(C6), 31.2/30.0 (C7), 22.0/21.9 (Amide-Me), 12.9 (d, “Jpc = 33.4, PMes), 9.4/9.1 (Ethyl-CH,). *'P
NMR (CDCls, 6): -5.84 (Jwp = 262), -7.05 (Jwp = 259). Isomer ratio: 2.7:1 (Chemical Exchange
Observed) IR: Vg = 2511 cm™, VNO/amide = 1643 cm™. CV (MeCN): E,.=+198V, E, =-0.84 V. ESI-
MS: obs'd (%), calc'd (%), ppm (M-OTf)*: 653.199 (97.5), 653.205 (84.7), 9.2; 654.2001 (96.7),
654.206 (80), 9; 655.2076 (100), 655.2073 (100), 0.5; 656.205 (60.3), 656.2115 (42.6), 9.9;

657.2084 (73.9), 657.2106 (84), 3.3.

MesP\ NO -OOT_If_f

W +§< -

5 \& N\ 0
NH,
[TPW(NO)(PMes)(6,7-n*-(1-amino-3-methyl-5,6,7,8-tetrahydrooxazolo[3,4-a]pyridin-4-ium-8-

ylium)][(OTf),]. 13. A solution of HOTf (0.659 g, 4.390 mmol) in MeCN (0.50 g) was quickly
added to a vial containing a heterogeneous solution of 4 (1.303 g, 2.001 mmol) in MeCN (2.13 g)
to make a deep red homogeneous solution upon manual mixing with a pipette. Once the
solution was homogenenous, the solution was added to 500 mL stirring Et,O and the resulting
orange microcrystalline precipitate was collected on a 60 mL medium porosity fritted funnel,
washed with 2x30 mL Et,0, and placed under vacuum (2.010 g, with a 1:3 molar ratio of
product:Et,0; 1.573 g, 1.964 mmol, 98% estimated yield after adjustment for Et,0). 'H NMR
(CDsCN, 6): 8.42 (d, J = 7.4, 1H, H8), 8.18 (d, J = 2.0, 1H, PzB3), 8.08 (d+s(br), 4H,
PzC3/PzC5/NH,), 8.01 (d, J = 2.0, 1H, PzB5), 7.97 (d, J = 2.0, 1H, PzA3), 7.84 (d, J = 2.0, 1H, PzA5),

6.60 (t, J = 2.0, 1H, PzC4), 6.53 (t, J = 2.0, 1H, PzB4), 6.41 (t, J = 2.0, 1H, PzA4), 6.02 (dd, /= 15.2,
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3.7, 1H, H5), 5.11 (d, J = 15.2, 1H, H5'"), 4.35 (m, 2H, H6/H7), 2.77 (s, 3H, Amide-Me), 1.19 (d, *Jpy
= 9.8, 9H, PMes). ®C NMR (CDsCN, 6): 159.4 (C3), 159.1 (C1), 150.6 (PzA3), 147.9 (C8), 146.7
(PzB4), 143.0 (PzC3), 140.0/139.8 (PzB5/PzC5), 139.0 (PzA5), 109.7 (PzC4), 109.0 (PzB4), 108.4
(PzA4), 103.1 (C2), 78.9 (C7), 61.2 (d, *Jpc = 14.7, C6), 49.5 (C5), 12.9 (d, “Jpc = 32.9, PMe;), 12.3
(Amide-Me). *'P NMR (CD4CN, 8): -4.51 (Jyp = 267). IR: vgy = 2519 cm™, vey = 2252 cm ™, vyo = v =
1685 cm™, v = 1620 cm™ v = 1540 cm™. CV (MeCN): £, , = +2.04 V, E, = -0.52 V. ESI-MS: obs'd
(%), calc'd (%), ppm (M-OTf)*: 650.1693 (85.0), 650.167 (85.1), 3.5; 651.1681 (82.0), 651.1713
(79.9), 4.9; 652.1679 (100), 652.171 (100), 4.8; 653.1736 (46.6), 653.1715 (42.1), 3.2; 654.1749
(84.6), 654.178 (84.2), 4.7. UV-Vis (MeCN; A, nm (g, cm™ M™): 229 (strong), 410 (weak). Anal.
Calc’d for CyH3BFsNsOsPS, W 2H,0: C, 26.76; H, 3.37; N, 12.77; Found: C, 26.88; H, 3.42; N,
12.50.

Me3P

\ o Ok
w N

4" eN

3

TpW(NO)(PMe;)(4,5-n*-(1-acetyl-1,6-dihydropyridine-2-carbonitrile). 14. DABCO (0.114 g,
1.016 mmol) was added to a dark red solution of 13 (0.808 g; 0.646 g estimated after correction
for Et,0 in the sample, 0.806 mmol) in DCM (23 g) to make a dark yellow homogeneous
solution. After several minutes, the solution was diluted with 25 mL DCM, extracted with 3x25
mL NaHCO; (saturated, aqueous), back-extracted with 2x20 mL DCM, the combined organic
layers were dried with Na,SQ,, filtered through a 30 mL fine porosity fritted funnel, and the
solvent removed in vacuo. MeCN (12 mL) was added to the residue and a yellow solid
precipitated. The precipitate was collected on a 30 mL medium porosity fritted funnel, washed

with 2x1 mL MeCN, and placed under vacuum (0.201 g, 0.309 mmol, 37% yield). 'H NMR (CDCls,

6): 8.04 (d, J = 2.0, 1H, PzA3), 8.00 (d, J = 2.0, 1H, PzB3), 7.75 (m, 2H, PzB5/PzC5), 7.58 (d, J = 2.0,
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1H, PzAS5), 7.42 (d, J = 7.1, 1H, H3), 7.37 (d, J = 2.0, 1H, PzC3), 6.32 (t, J = 2.0, 1H, PzB4), 6.25 (t, J
= 2.0, 1H, PzC4), 6.22 (t, J = 2.0, 1H, PzA4), 5.57 (d, J = 13.0, 1H, H6 (syn-to-W)), 4.44 (d(br), J =
13.0, 1H, H6 (anti-to-W)), 3.20 (ddd, J = 13.0, 10.0, 3.0, 1H, H5), 2.40 (s, 3H, Acetyl-Me), 1.80 (dd,
J=10.0, 7.1, 1H, H4), 1.22 (d, J = 8.6, 9H, PMes). *C NMR (CDCls, &): 170.3 (Amide-CO), 148.26
(C3), 145.6 (PzA3), 143.3 (PzB3), 140.1 (PzC3), 137.1/136.5 (PzB5/PzC5), 135.4 (PzA5), 118.1
(nitrile), 107.1 (PzB4), 106.3 (PzC4), 106.2 (PzA4), 101.8 (C2), 66.8 (C5, d, J = 14.1), 48.1 (C4),
44.8 (C6), 25.5 (Acetyl-Me), 13.4 (PMes, d, J = 28.8). *'P NMR (CDCls, 8): -9.35 (Jwp=276). IR: vgy =
2511 cm™, vey = 2202 cm™, vyo = 1554 cm™, v = 1635 cm™, v = 1589 cm™. CV (DMA): £, , = +0.77
V. ESI-MS: obs'd (%), calc'd (%), ppm (M+H)": 650.1679 (85.7), 650.1689 (85.1), 1.5; 651.1699
(46.6), 651.1714 (79.9), 2.3; 652.1706 (100), 652.1712 (100), 0.9; 653.174 (21.6), 653.1754
(42.1), 2.2; 654.1741 (93.2), 654.1745 (84.2), 0.7. Anal. Calc’d for C,0H,;BNsO,PW: C, 36.89; H,
4.18; N, 19.36; Found: C, 36.72; H, 4.14; N, 18.90.

Me3P

\

TpW(NO)(PMe;)(4,5-n*(1-acetyl-1,2,3,6-tetrahydropyridine-3-carbonitrile). 15. In separate
oven dried test tubes, a solution of 11 (0.254 g, 0.327 mmol) in DCM (4.23 g) and a solution of
NaCN (0.072 g, 1.469 mmol), DMSO (1.93 g), and DCM (1.91 g) were prepared and placed in a 0
°C cold bath. After 2 h, the solution of 11 was quickly added to the NaCN solution and mixed
solution allowed to stir for 1 h. The reaction solution was removed from the cold bath and
glovebox. The reaction solution was extracted with 3x10 mL NH,CI (saturated, aqueous), back-
extracted with 3x5 mL DCM, the combined organic layers were dried with Na,SO,, filtered
through a 60 mL coarse porosity fritted funnel, and the solvent removed. The residue was

dissolved in 1 mL DCM, and 1 mL EtOAc was added followed by the addition of hexanes (35 mL)
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to precipitate an off-white solid. The solution was cooled to 0 °C for 20 minutes, and the
precipitate collected on a 15 mL medium porosity fritted funnel. The filtrate was colorless. The
remaining uncollected material on the flask was redissolved in 1 mL DCM and 1 mL EtOAc
followed by the addition of hexanes (35 mL) to precipitate an off-white solid that was collected
on a separate 15 mL medium porosity fritted funnel and washed with 2x10 mL hexanes
(combined yield: 0.119 g, 0.182 mmol, 57% yield, with minor DMSO impurity). 'H NMR (CDCl;,
6): 8.02 (s, 2H, PzA3/PzB3), 7.73 (d, /= 2.0, 1H, Tp), 7.71 (d, /= 2.0, 1H, PzC5), 7.63 (d, J = 2.0,
1H, Tp), 7.21 (d, J = 2.0, 1H, PzC3), 6.32/6.26 (t, J = 2.0, 1H, PzA4/PzB4), 6.2 (t, J = 2.0, 1H, PzC4),
5.20 (dd, J = 13.9, 6.0, 1H, H6(anti)), 4.46 (dd, J = 13.3, 7.2, H, H6(anti,rotamer)), 4.16 (dd, J =
13.9, 6.0, 1H, H6(syn)), 3.92 (m, 2H, H3/H2), 3.66 (dd, J = 13.4, 8.4, 1H, H2'), 2.71 (m, 1H, H5),
1.21 (d, J = 8.3, 9H, PMe;). *C NMR (CDCls, &): 169.7 (Amide-CO), 143.6/143.3 (PzA3/PzB3),
140.2 (PzC), 136.9/136.4/136.0 (PzA5/PzB5/PzC5), 124.6 (CN), 106.8 (Tp), 106.3 (PzC4), 105.6
(Tp), 49.1 (C4), 48.9 (C5, d, J = 12.5), 43.2 (C6), 31.2 (C3), 22.3 (Amide-Me), 13.8 (PMe;, d, J =
28.5). *'P NMR (CDCls, 8): -11.43 (Jup = 272), -12.25 (rotamer). Ratio of rotational isomers: 3.6:1
(Chemical Exchange Observed). IR: vgy = 2488 em™, Viigile = 2225 €M™, Vamige = 1624 cm™, wyo =
1550 cm™. CV (DMA): E,. =+ 0.71 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)": 674.1642
(70.2), 674.1659 (85.1), 2.4; 675.1663 (100), 675.1684 (79.9), 3.1; 676.1684 (78.2), 676.1682

(100), 0.2; 677.1719 (37.3), 677.1724 (42.2), 0.8; 678.1707 (99.9), 678.1715 (84.2), 1.2.

Me3P\ \\\NO 0

"
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TpW(NO)(PMe;)(4,5-n*(dimethyl-2-(1-acetyl-1,2,3,6-tetrahydropyridin-3-yl)malonate). 16. To

separate flame dried test tubes, a homogeneous solution of 11 (0.503 g, 0.648 mmol) and DCM
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(1.51 g) and a heterogeneous solution of LIDMM (0.191 g, 1.38 mmol) in DCM (1.52 g) were
each placed in a 0 °C cold bath. After 15 minutes, the LIDMM solution was quickly added to the
solution of 11 and the mixture was allowed to stir. After 1 h and 20 minutes, the reaction
solution was removed from the cold bath and glovebox, diluted with 5 mL DCM, extracted with
3x2 mL NaHCO; (saturated, aqueous), back extracted with 2x2 mL DCM, the combined organic
layers were dried with Na,SO,, filtered through a 30 mL coarse porosity fritted funnel, washed
with DCM and the solvent removed in vacuo. The residue was dissolved in 2.5 mL DCM followed
by 2.5 mL EtOAc, then Et,0 (50 mL) was added to precipitate an off-white solid. The solution
was cooled to 0 °C and stirred for 0.5 h and the solid collected on a 30 mL medium porosity
fritted funnel and placed under vacuum (0.331 g, 0.437 mmol, 67% vyield). More material could
be isolated by further precipitation of the filtrate residue with DCM, EtOAc, using hexanes in
place of Et,0. *H NMR (CDCls, 6): 8.07 (d, J = 2.0, 1H, PzB3), 8.06 (d, J = 2.0, 1H, PzA3), 7.71 (d, J =
2.0, 1H, PzB5), 7.69 (d, J = 2.0, 1H, PzC5), 7.61 (d, J = 2.0, 1H, PzA5), 7.20 (d, J = 2.0, 1H, PzC3),
6.31 (t, /= 2.0, 1H, PzB4), 6.24 (t, J = 2.0, 1H, PzA4), 6.18 (t, J = 2.0, 1H, PzC4), 5.16 (dd, J = 14.0,
6.3, 1H, H6), 4.58 (d, J = 14.0, 1H, H6'), 3.94 (dd, J = 13.1, 4.5, 1H, H2), 3.76 (d, J = 9.5, 1H, H7),
3.73 (s, 3H, Ester-Me), 3.66 (m (broad), 1H, H3), 3.51 (dd, J = 13.1, 1.6, 1H, H2'), 3.41 (s, 3H,
Ester-Me'), 2.77 (dddd, J = 13.9, 11.2, 6.6, 2.2, 1H, H5), 2.03 (s, 3H, Amide-Me), 1.17 (d, 8.2, 9H,
PMe;), 0.92 (d, J = 11.2, 1H, H4). Non-overlapping minor isomer signals: 4.73 (dd, J = 13.2, 9.1,
1H, H6), 4.32 (dd, J = 13.2, 4.4, 2H, H6'/H2'), 3.59 (d, /= 9.8, 1H, H7), 3.31 (dd, J = 13.2, 4.0, 1H,
H2), 3.15 (s, 3H, Ester-Me'), 2.95 (m, 1H, H5), 2.16 (s, 3H, Amide-Me), 0.73 (d, J = 11.2, 1H, H4).
BC NMR (CDCl;, 6): 170.6 (Amide-CO), 169.7 (Ester-CO), 169.1 (Ester-CQ'), 143 (PzA3/PzB3),
139.8 (PzC3), 136.5 (PzC5), 135.9 (PzB5), 135.7 (PzA5), 106.6 (PzB4), 106 (PzC4), 105.8 (PzA4),
59.6 (C7), 52.5 (Ester-Me), 52.1 (Ester-Me'), 50.9 (C4), 48.8 (C5, d, J = 11.8), 46.2 (C2), 43.5 (C6),

39.2 (C3), 22.0 (Amide-Me), 13.4 (PMe;, d, J = 28.1). 3P NMR (CDCls, 6): -10.31 (Jup = 279), -
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11.08 (rotamer). Isomer Ratio: 6.3:1 (Chemical Exchange Observed). IR: Vg = 2488 cm™, Vegter =
1732 cm™, Vamige = 1624 cm™, vyo = 1547 cm™. CV (DMA): E,, = + 0.49 V. ESI-MS obs'd (%), calc'd
(%), ppm (M+H)*: 757.2151 (86.9), 757.2159 (82.5), 1.1; 758.2173 (81.8), 758.2185 (80.3), 1.6;
759.2201 (100), 759.2184 (100), 2.2; 760.2237 (49.5), 760.2224 (45.2), 1.7, 761.2219 (80.5),

761.2216 (83.4), 0.4.

TpW(NO)(PMej;)(4,5-n*(methyl-2-(1-acetyl-1,2,3,6-tetrahydropyridin-3-yl)-2-

methylpropanoate). 17. A solution of MMTP (0.250 g, 1.434 mmol) in DCM (7.96 g) was added
in one portion to a 40 mL flame dried beaker containing a rapidly stirring solution of 11 (0.501 g,
0.645 mmol) in DCM (8.1 g). After 10 minutes, the solution was diluted with 20 mL DCM,
extracted with 3x20 mL NaHCO; (saturated, aqueous), back-extracted with 2x20 mL DCM, the
combined organic layers were dried with Na,SO,, filtered through a 150 mL coarse porosity
fritted funnel, and the solvent removed. The residue was dissolved in 10 mL DCM, then 10 mL
EtOAc and a precipitate formed upon the addition of 100 mL of Et,0. The tan precipitate was
collected on a 15 mL medium porosity fritted funnel and washed with 2x10 mL Et,0. The filtrate
solvent was removed in vacuo, the residue was dissolved in 5 mL EtOAc and 75 mL hexanes
added to precipitate a tan-pink solid that was further precipitated with cooling in an ice bath for
0.5 h. The precipitate was collected on a 15 mL medium porosity fritted funnel, washed with
2x10 mL hexanes, and placed under vacuum (combined yield: 0.274 g, 0.376 mmol, 58% vyield).
'H NMR (CDCls, 6): 8.09 (d, J = 2.0, 1H, PzA3), 8.04 (d, J = 2.0, 1H, PzB3), 7.69 (m, 2H, PzB5/BzC3),

7.63 (d, J = 2.0, 1H, PzAS), 7.26 (d, J = 2.0, 1H, PzC3), 6.29 (t, J = 2.0, 1H, PzB4), 6.23 (t, J = 2.0,
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1H, PzA4), 6.21 (t, J = 2.0, 1H, PzC4), 5.25 (dd, J = 14.3, 7.7, 1H, H6(anti)), 4.33 (d, J = 14.3, 1H,
H6(syn)), 3.75 (dd, J = 13.9, 5.7, 1H, H2(syn)), 3.47 (s, 3H, Ester-Me), 3.45 (d, J = 13.9, 1H,
H2(anti)), 3.34 (d, J = 5.7, 1H, H3), 2.9 (dddd, J = 11.5, 7.5, 2.4, /s = 14.0, 1H, H5), 2.1 (s, 3H,
Amide-Me), 1.26 (s, 3H, Gem-Me), 1.17 (d, J = 8.1, 9H, PMes), 1.05 (s, 3H, Gem-Me'), 1.03 (d, J =
11.5, 1H, H4). Non-overlapping minor isomer signals: 4.71 (dd, J=13.1, 9.0, 1H, H6), 4.51 (d, J =
14.3, 1H, H2), 3.14 (dd, J = 14.1, 5.3, 1H, H2), 3.06 (dddd, J = 11.3, 8.7, 3.7, “Jpy = 15.2, 1H, H5),
3.05 (s, 3H, Ester-Me), 2.09 (s, 3H, Amide-Me), 1.31 (s, 3H, Gem-Me), 1.19 (d, J = 7.9, 9H, PMes;),
1.12 (s, 3H, Gem-Me), 0.80 (d, J = 11.3, 1H, H4). *C NMR (CDCls, &): 179.0 (Ester-CO), 169.9
(Amide-CO), 168.3 (Amide-CO(rot)), 143.1 (PzA3), 142.5 (PzB3), 139.8 (PzC3), 136.2/136.1/136.0
(PzA5/PzB5/PzC5), 106.6 (PzB4), 106.2 (PzC4), 105.6 (PzA4), 51.6 (Ester-Me), 50.4 (C7), 49.8 (C4),
49.1 (d, J = 11.3, C5), 44.8 (C3), 44.6 (C2), 44.4 (C6), 24.5 (Gem-Me), 22.3 (Amide-Me), 22.1
(Gem-Me’), 13.7 (d, J = 27.8, PMe3). 3P NMR (CDCls, &): -10.30 (Jup = 282), -11.03 (Rotamer).
Isomer Ratio: 5:1 (Chemical Exchange Observed). IR: vgy = 2488 cm™, Vewer = 1724 cm™, Vamige =
1620 cm™ vyo = 1543 cm™. CV (DMA): E,, = +0.45 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)":
726.2326 (76.7), 726.2333 (82.8), 1.1; 727.2353 (69.3), 727.2359 (80.5), 0.8; 728.2363 (100),
728.2358 (100), 0.7; 729.2401 (39.9), 729.2398 (45.0), 0.4; 730.2388 (76.5), 730.239 (83.3), 0.3.
Anal. Calc’d for CyH3sBNsO,PW'H,0: C, 38.63; H, 5.40; N, 15.02; Found: C, 38.96, H, 5.31; N,

15.35.

TpW(NO)(PMe;)(3,4-n*(1-(5-ethyl-5,6-dihydropyridin-1(2H)-yl)ethanone)). 18. To three

separate oven dried test tubes, a solution of 11 (0.225 g, 0.290 mmol) in DCM (5.16 g), CuCN
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(0.133 g, 1.485 mmol), and a solution of ZnEt, (0.118 g, 0.955 mmol), DCM (3.05 g), and THF
(0.116 g) were added to a 0 °C cold bath. After 20 minutes, the 11 solution was quickly added to
the CuCN containing tube and the suspension was quickly added to the ZnEt, solution and
allowed to stir for 3 h. The solution was removed from the glovebox and neutralized under a
stream of N, g with NH,CI (saturated, aqueous) solution. The solution was diluted with 5 mL
DCM, extracted with 5x10 mL NH,CI (saturated, aqueous), and back-extracted with 2x4 mL DCM.
The combined organic layers were dried over Na,SO, for 2 h, filtered through a 30 mL coarse
porosity fritted funnel, and the solvent removed. The residue was dissolved in 1 mL DCM, then 1
mL EtOAc followed by the addition of Et,0 (35 mL) to precipitate a dark brown solid that was
collected on a 15 mL medium porosity fritted funnel and discarded. The filtrate solvent was
concentrated in vacuo and the residue was dissolved in 1 mL DCM, then 1 mL EtOAc followed by
the addition of hexanes (35 mL) to precipitate an off-white solid. The solution was cooled to 0 °C
for 30 minutes, and the precipitate collected on a 15 mL medium porosity fritted funnel (0.082
g, 0.125 mmol, 43% yield). "H NMR (CDCls, &): 8.08 (d, J = 2.0, 1H, PzA3), 8.04 (d, /= 2.0, 1H,
PzB3), 7.70 (m, 2H, PzB5/PzC5), 7.62 (d, J = 2.0, 1H, PzA5), 7.23 (d, J= 2.0, 1H, PzC3), 6.29 (t, J =
2.0, 1H, PzB4), 6.20 (t, J = 2.0, 1H, PzA4), 6.19 (t, J = 2.0, 1H, PzC4), 5.08 (dd, J = 13.7, 6.5, 1H,
H2), 4.48 (dd, J = 13.7, 3.2, 1H, H2'), 3.83 (dd, J = 12.4, 5.0, 1H, H6), 3.13 (dd, J = 12.4, 6.1, 1H,
H6'), 2.90 (s (br), 1H, H5), 2.75 (m, 1H, H3), 2.11 (s, 3H, Amide-Me), 1.59 (m, 1H, H7), 1.49 (m,
1H, H7'), 1.21 (d, J = 8.7, 9H, PMes), 1.10 (d, J = 11.4, 1H, H4), 0.95 (t, J = 7.5, Ethyl-CH3). Non-
overlapping minor isomer signals: 8.11 (d, J = 2.0, 1H, PzA3), 8.02 (d, /= 2.0, 1H, PzB3), 7.17 (d,
J=2.0, 1H, PzC3), 4.46 (m(buried), 1H, H2), 4.20 (dd, J = 13.2, 6.5, 1H, H2'), 3.91 (dd, J = 12.5,
4.6, 1H, H6), 3.16 (m(shoulder), 1H, H6'), 2.18 (s, 3H, Amide-Me), 1.24 (d, J = 7.9, 9H, PMes). *C
NMR (CDCls, 6): 169.9 (Amide-CO), 143.3 (PzB3), 142.6 (PzA3), 140.1 (PzC3), 136.5/135.8

(PzA5/PzB5/PzC5), 106.5 (PzB4), 106.0/105.5 (PzA4/PzC4), 55.0 (C4), 50.6 (C3, d, J = 11.7), 49.9
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(C6), 44.6 (C2), 40.7 (C5), 32.0 (C7), 22.4 (Amide-Me), 13.8 (PMes, d, J = 27.9), 12.6 (Ethyl-CHs).
Non-overlapping minor isomer signals: 168.8 (Amide-CO), 143.4 (PzB3), 143.2 (PzA3), 140.0
(PzC3), 50.3 (C2), 47.8 (C6), 22.3 (Amide-Me), 14.2 (PMe;, d, J = 28.1). 3P NMR (CDCls, 6): -11.45
(Jwp = 271), -12.27 (rotamer). Isomer Ratio: 4.3:1 (Chemical Exchange Observed). IR: vgy = 2480
cM™, Vamige = 1620 cm™, vyo = 1547 cm™. CV (DMA): E,, = + 0.46 V. ESI-MS: obs'd (%), calc'd (%),
ppm, (M+H)": 655.2182 (79.3), 655.22 (84.8), 2.7; 656.2195 (84.7), 656.2226 (80.1), 4.7;
657.2219 (100), 657.2224 (100), 0.7; 658.2263 (61.5), 658.2266 (42.7), 0.4; 659.2232 (74.9),

659.2256 (84), 3.7.

TpW(NO)(PMe;)(3,4-n%-(1-(2,5-diethyl-5,6-dihydropyridin-1(2H)-yl)ethanone). 19. In three
separate oven dried test tubes, a dark yellow homogeneous solution of 12 (0.500 g, 0.622
mmol) in DCM (10.05 g), a solution of ZnEt, (0.232 g, 1.88 mmol) in DCM (10.05 g) and THF
(0.242 g), and CuCN (0.232 g, 2.59 mmol) were all placed in a -35 °C cold bath. After 20 minutes,
the solution of 12 was added to the tube containing CuCN and the suspension was transferred
to the test tube containing the ZnEt, solution at -32 °C and the mixture was allowed to stir. After
52 h, the mixture was removed from the now -30 °C cold bath and allowed to warm to room
temperature outside the glovebox under a stream of N,  for 15 minutes. The solution was
neutralized with NH,Cl (saturated, aqueous) until effervescence stopped. The solution was then
extracted with 5x20 mL NH,CI (saturated, aqueous), back-extracted with 2x20 mL DCM, the
combined organic layers were dried with MgSQ,, filtered through a 60 mL coarse porosity fritted
funnel, and the solvent removed. The residue was dissolved in 2.5 mL DCM, then 2.5 mL EtOAc,

and 50 mL Et,0 was added to precipitate a brown solid. The solid was collected on a 30 mL
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medium porosity fritted funnel, washed with 2x15 mL Et,0, and discarded. The filtrate solvent
was removed in vacuo and the residue dissolved in 1 mL DCM, then 1 mL EtOAc, and 50 mL
hexanes was added to precipitate a tan-pink solid. The solution was cooled in an ice bath for 1 h
and the solid collected on a 30 mL medium porosity fritted funnel, washed with 2x10 mL
hexanes, and placed under vacuum (0.180 g of a 1.9:1 mixture of 19:3; 0.118 g, 0.172 mmol,
28% yield of desired product). 'H NMR (CDCl5, 6): 8.90 (d, J = 2.0, 1H, PzA3), 7.97 (d, J = 2.0, 1H,
PzB3), 7.69 (d, J = 2.0, 1H, Tp), 7.65 (d, J = 2.0, 1H, Tp), 7.57 (d, J = 2.0, 1H, Tp), 7.17 (d, J = 2.0,
1H, PzC3), 6.25-6.17 (m, 3H, Tp), 5.52 (t(br), J = 7.3, 1H, H2), 3.66 (dd, J = 12.8, 6.5, 1H, H6), 2.94
(q(br), J = 7.9, 1H, H5), 2.84 (dd, J = 12.8, 9.7, 1H, H6'), 2.49 (ddd, J = 11.4, 2.0, *Jp = 13.7, 1H,
H4), 2.14 (s, 3H, Amide-Me), 1.86 (m, 2H, Ethyl-CH,), 1.53 (m, 2H, Ethyl-CH,), 1.15 (d, ZJpy = 8.1,
9H, PMes), 1.04 (t, J = 7.5, 3H, Ethyl-CHs), 0.96 (d, J = 11.4, 1H, H3), 0.79 (t, J = 7.3, 3H, Ethyl-
CHs). 'H assignments were made using a combination of 2D experiments of the mixture (COSY,
NOESY, HSQC, HMBC) and difference spectra with authentic 3 and the isolated mixture. IR: vgy =
2488 cm™, Vamige = 1620 cm™, vyyo = 1550 cm™. CV (DMA): E,, = +0.35 V. ESI-MS: obs'd (%), calc'd
(%), ppm, (M+H)": 683.2474 (85.8), 683.2513 (83.7), 5.8; 684.2519 (95.5), 684.2539 (80.5), 2.8;
685.2538 (100), 685.2537 (100), 0.1; 686.255 (65.3), 686.2578 (44.1), 4.1; 687.2574 (100),

687.257 (83.5), 0.6.

TpW(NO)(PMe;)(4,5-n*(dimethyl-2-(1-acetyl-6-ethyl-1,2,3,6-tetrahydropyridin-3-

yl)malonate). 20. To separate oven dried test tubes, a solution of 12 (0.503 g, 0.648 mmol) in
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MeCN (4.22 g) and a solution of LiDMM (0.183 g, 1.326 mmol) in MeCN (4.21 g) and the tubes
were placed in a 0 °C cold bath. After 0.5 h, the 12 solution was quickly added to the LiDMM
solution and the mixture was allowed to stir for 2 h. The reaction solution was removed from
the cold bath, diluted with 10 mL DCM, extracted with 3x10 mL NaHCO; (saturated, aqueous),
back-extracted with 2x10 mL DCM, the combined organic layers were dried with Na,SO,, filtered
through a 60 mL coarse porosity fritted funnel, and the solvent removed. The residue was
dissolved in 2.5 mL DCM, then 2.5 mL EtOAc followed by the addition of Et,0 (50 mL) to
precipitate a brown solid that was discarded. The yellow filtrate solvent was removed and the
residue was dissolved in 1 mL DCM, then 1 mL EtOAc and hexanes (35 mL) was added to
precipitate a tan solid. The solution was cooled to 0 °C for 30 minutes, and the precipitate
collected on a 15 mL medium porosity fritted funnel, and was washed with 2x5 mL hexanes, and
placed under vacuum (0.211 g, 0.268 mmol, 41% yield). '"H NMR (CDCls, §): 8.53 (d, J = 2.0, 1H,
PzA3), 8.01 (d, J = 2.0, 1H, PzB3), 7.71/7.58 (d, J = 2.0, 2H, PzA5/PzC5), 7.67 (d, J = 2.0, 1H, PzB5),
7.14 (d, J = 2.0, 1H, PzC3), 6.24 (t, J = 2.0, 1H, PzB4), 6.20 (t, J = 2.0, 2H, PzA4/PzC4), 5.32 (t(br), J
=6.8, 1H, H6), 4.10 (d, J = 8.0, 1H, H9), 3.85 (s, 3H, Ester-Me), 3.81 (s, 3H, Ester-Me'), 3.72 (dd, J
=12.9, 5.8, 1H, H2), 3.62 (q(br), J = 6.4, 1H, H3), 3.36 (dd, J = 12.9, 5.5, 1H, H2'), 2.34 (ddd, J =
11.7, 2.2, *Joy = 11.7, 1H, H4), 2.08 (s, 3H, Acyl-Me), 2.02 (m, 1H, H7), 1.6 (m, 1H, H7'), 1.22 (d, J =
8.0, 9H, PMe3), 1.16 (d(br), J = 11.7, 1H, H5), 0.82 (t, J = 7.5, 3H, Methyl). *C NMR (CDCls, &):
171.5 (Amide-CO), 169.7 (Ester-CO/Ester-CO'), 144.2 (PzA3), 143.4 (PzB3), 140.1 (PzC3),
136.7/136.0/135.9 (PzA5/PzB5/Pz(C5), 106.3/106.1/105.9 (PzA4/PzB4/PzC4), 59.4 (C9), 55.4 (C5),
52.7 (Ester-Me), 52.6 (Ester-Me'), 51.9 (C6), 47.5 (d, J = 11.1, C4), 43.5 (C2), 38.1 (C3), 34.2 (C7),
23.3 (Amide-Me), 14.1 (d, J = 27.5, PMe;), 11.9 (C8).>'P NMR (CDCls, 6): -12.04 (Jup = 279). IR: v
= 2480 cM™, Vegter = 1732 cM™, Vamige = 1624 cm™, vyo = 1554 cm™. CV (DMA): E,, = + 0.41 V. ESI-

MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 807.2262 (75.6), 807.2286 (81.4), 3.1; 808.2306 (82),
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808.2312 (80.7), 0.7; 809.2283 (100), 809.2311 (100), 3.4; 810.2332 (47), 810.235 (46.6), 2.3;
811.2333 (85), 811.2343 (83), 1.2. Anal. Calc’d for CsHaoBNgOsPW: C, 39.72; H, 5.13; B, 1.37; N,

14.25; Found: C, 39.38; H, 5.23; N, 14.28.
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TpW(NO)(PMej;)(3,4-n*-(dimethyl-2-(1-acetyl-6-(nitromethyl)-1,2,3,6-tetrahydropyridin-3-

yl)malonate). 21. General procedure 1 was used to generate the tetrahydropyridine complex
precursor. Test tube 1: 10 (0.104 g, 0.152 mmol); HOTf (0.024 g, 0.159 mmol); MeCN (1.17 g).
Test tube 2: LiDMM (0.061 g, 0.442 mmol); MeCN (0.73 g). Oxidation with Oy failed to liberate
the organic compound following general procedure 2. SiO, (10.1 g); reaction time: 16 h. The
complex was isolated in a manner analogous to general procedure 5. Yellow-tan solid located
between r; = 0.18 and r; = 0.38 when 5% hexanes in EtOAc was used as the eluent (0.073 g,
0.089 mmol, 59% yield). "H NMR (CDCls, 6): 8.32 (d, J = 2.0, 1H, PzA3), 8.01 (d, J = 2.0, 1H, PzB3),
7.71(d, J= 2.0, 1H, PzC5), 7.69 (d, J = 2.0, 1H, PzB5), 7.58 (d, J = 2.0, 1H, PzA5), 7.12 (d, J = 2.0,
1H, PzC3), 6.27 (t, J = 2.0, 1H, PzB4), 6.24 (t, J = 2.0, 1H, PzA4), 6.20 (t, J = 2.0, 1H, PzC4), 6.15
(t(br), J=6.9, 1H, H6), 5.05 (dd, J = 11.0, 6.0, 1H, H7), 4.61 (dd, J = 11.0, 8.0, 1H, H7'), 3.88 (d, J =
8.7, 1H, H8), 3.85 (dd, J = 13.0, 5.7, 1H, H2), 3.84 (s, 3H, Ester-Me), 3.83 (s, 3H, Ester-Me'), 3.64
(s(br), 1H, H3), 3.35 (dd, J = 13.0, 3.7, 1H, H2"), 2.22 (ddd, J = 11.3, 1.8, *Jp; = 11.3, 1H, H4), 2.07
(s, 3H, Amide-Me), 1.20 (d, J = 8.1, 9H, PMes), 1.07 (d, J = 11.3, 1H, H5). *C NMR (CDCls, 8):
172.6 (Amide-CO), 169.5 (Ester-CO), 169.4 (Ester-CQ'), 143.6 (PzA3), 143.3 (PzB3), 140.1 (PzC3),

137.0 (PzC5), 136.3/136.2 (PzA5/PzB5), 106.6 (PzB4), 106.4 (PzA4), 106.2 (PzC4), 83.2 (C7), 60.0



123

(C8), 52.9 (Ester-Me), 52.7 (Ester-Me'), 50.4 (C6), 49.8 (C5), 48.0 (d, Ypc = 12.2, C4), 44.6 (C2),

37.9 (C3), 23.2 (Amide-Me), 13.8 (d, Upc = 28.0, PMes). *'P NMR (CDCls, 8): -11.86 (Jup = 278). IR:

Ver = 2488 cM™, Vegter = 1732 cm™, Vomige = 1643 cm™, vyo = 1547 cm™. CV (MeCN): £, , = +0.66 V.
ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)": 838.1979 (89.2), 838.198 (81.5), 0.2; 839.1999
(84.3), 839.2006 (80.4), 0.8; 840.1996 (100), 840.2005 (100), 1.0; 841.2036 (44.1), 841.2044
(46.4), 1.0; 842.2028 (76.5), 842.2037 (83.3), 1.1.

Me3P\ \\\NO C5
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W + | ot
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[TPW(NO)(PMes)(6.7-n*-(1-amino-8-(1-methoxy-2-methyl-1-oxopropan-2-yl)-3-methyl-5,8-

dihydrooxazolo[3,4-a]pyridin-4-ium)][OTf]. 22. A solution of MMTP (0.504 g, 2.89 mmol) in
MeCN (0.502 g) was quickly added to a vial containing a deep red solution of 13 (1.247 g
including Et,0 impurity; estimated 1.0 g with correction for Et,0, 1.3 mmol) in MeCN (4.52 g) to
give a dark-brown solution. After 10 minutes, the solution was removed from the glovebox,
diluted with 20 mL DCM, extracted with 3x10 mL of NaHCO; (saturated, aqueous), back-
extracted with 3x20 mL DCM, the combined organic layers were dried with MgS0,, filtered
through a 60 mL coarse fritted funnel, and the solvent removed. The residue was dissolved in 5
mL DCM, then diluted with 5 mL EtOAc, followed by the addition of 100 mL hexanes to
precipitate an off-white solid that was collected on a 30 mL medium porosity fritted funnel. The
remaining material on the precipitation glassware was redissolved in 2.5 mL DCM, diluted with
2.5 mL EtOAc, and precipitated with 50 mL hexanes and was collected on the same funnel. The
combined precipitate was washed with 2x15 mL hexanes and placed under vacuum (0.860 g,

1.142 mmol, 88 % yield). *H NMR (CDsCN, 6): 7.94 (d, J = 2.0, 1H, PzB3), 7.87 (m, 4H, Tp), 7.43 (d,
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J = 2.0, 1H, PzC3), 6.38 (m, 3H, Tp), 5.73 (dd, J = 14.5, 3.7, 1H, H5), 4.92 (d+s, J = 14.5, 3H,
H5'/NH2), 4.27 (s, 1H, H8), 3.33 (s, 3H, Ester-Me), 2.90 (ddd, J = 11.3, 3.7, *Jpy = 11.3, 1H, H6),
2.63 (s, 3H, Amide-Me), 1.34 (s, 3H, Gem-Me), 1.26 (s, 3H, Gem-Me), 1.16 (d, 2o = 8.4, 9H,
PMe;), 0.94 (d, J = 11.3, 1H, H7). *C NMR (CD4CN, 6): 178.2 (Ester-CO), 155.2 (C3), 152.3 (C1),
144 (PzB3), 143.6 (PzA3), 141.6 (PzC3), 138.2/137.9 (PzA5/PzB5/PzC5), 107.8/107.7/107.1
(PzA4/PzB4/PzC4), 107.0 (C9), 53.3 (C10), 52.3 (Ester-Me), 50.7 (d, J = 2.5, C5), 48.4 (d, J = 1.5,
C7), 44.1 (d, *Joc = 12.1, C6), 42.6 (C8), 24.4 (Gem-Me), 21.5 (Gem-Me), 12.8 (d, “Jpc = 29.3,
PMes), 12.5 (Amide-Me). **P NMR (CDCls, 8): -12.57 (Jup = 268). IR: Vgy = 2495 cM™", Vegter = 1724
cm™, v=1689 cm™, v = 1616 cm™, vyo = 1547 cm™. CV (DMA): E,, = + 0.80 V. ESI-MS: obs'd (%),
calc'd (%), ppm, (M-H)": 752.2367 (93.5), 752.2364 (84.8), 0.3; 753.2390 (93.8), 753.2390 (79.7),
0.0; 754.2391 (100), 754.2389 (100), 0.3; 755.2415 (56.4), 755.2428 (42.4), 1.8; 756.2401 (81.5),
756.2421 (84.3), 2.7. Anal. Calc’d for CpgHasBFsNsO,PSW*H,0: C, 33.89; H, 4.38; N, 13.68; Found:

C, 33.90; H, 4.30; N, 13.73.

[TPW(NO)(PMes)(4,5-n>-(1-acetyl-2-cyanopiperidin-4-ylium)][OTf]. 23. A solution of DABCO
(0.061 g, 0.544 mmol) in MeCN (1.01 g) was added to a homogeneous tan solution of 22 (0.100
g, 0.111 mmol) in MeCN (1.91 g) and the solution allowed to stir in a 58 °C oil bath. After 7.5 h,
the reaction solution was removed from the oil bath and glovebox, diluted with 30 mL DCM,
extracted with 3x15 mL NaHCO; (saturated, aqueous), back extracted with 2x15 mL DCM, the
combined organic layers were dried with MgSQ,, filtered through a 60 mL coarse porosity fritted

funnel, and the solvent was removed in vacuo. The residue was dissolved in 1 mL DCM, then 1
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mL EtOAc, and the solution was diluted with 50 mL hexanes to precipitate a tan solid. The
solution was cooled to 0 °C for 1.5 h, then the solid was collected with a 15 mL fine porosity
fritted funnel, rinsed with 30 mL hexanes, then placed under vacuum (0.068 g, 0.090mmol, 82%
yield). 'H NMR (CDCls, 6): 8.14 (m, 2H, PzA3/PzB3), 7.74 (d, J = 2.0, 1H, PzC5), 7.72/7.66 (d, J =
2.0, 2H, PzB5/Pz(C5), 7.13 (d, J = 2.0, 1H, PzC3), 6.31/6.29 (t, J = 2.0, 2H, PzA4/PzB4), 6.26 (t, J =
2.0, 1H, PzC4), 5.82 (s(br), 1H, H2), 4.31 (dd, J = 14.2, 8.2, 1H, H6), 4.25 (dd, J = 14.2, 7.5, 1H,
H6'), 3.56 (s(br), 1H, H3), 3.11 (m, 4H, H5/Ester-Me), 2.21 (s, 3H, Amide-Me), 1.31 (d, %y = 8.1,
9H, PMe;), 1.19 (s, 3H, Gem-Me), 0.88 (s, 3H, Gem-Me'), 0.45 (d, J = 11.5, 1H, H4). °C NMR
(CDCls, 6): 177.4 (Ester-CO), 168.1 (Amide-CO), 143.9/143.4 (PzA3/PzB3), 139.7 (PzC3), 136.2
(PzA5/PzB5/PzC5), 118.9 (CN), 106.6/106.5/106.4 (PzA4/PzB4/PzC4), 51.4 (Ester-Me), 51.2 (C7),
49.2 (C4), 47.6 (C6), 46.7 (C3), 46.4 (C5), 29.4 (C2), 22.3 (Gem-Me), 21.8 (Amide-Me), 20.9 (Gem-
Me'), 14.1 (d, “Joc = 27.9, PMes). *'P (CDCls, 6): -12.51 (Jup = 268 Hz), -12.34 (Amide confomer;
4.9:1, respectively). IR: gy = 2488 cm™, Vyirite = 2233 €M™ (weak)s Vester = 1724 €M™, Vamige = 1643 cm’
', Vo = 1562 cm™. CV (MeCN): E,, = +0.60 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)+:
774.2184 (61), 774.2184 (82.1), 0.0; 775.2208 (61.2), 775.2209 (80.8), 0.1; 776.2209 (100),
776.2208 (100), 0.0; 777.2246 (47.7), 777.2248 (45.9), 0.3; 778.223 (65.1), 778.2241 (83), 1.3.
Anal. Calc’d for Cy;sH37,BNgO.PW*H,0: C, 39.39; H, 5.02; N, 16.54; Found: C, 39.36; H, 4.77; N,

16.19.

TpW(NO)(PMe;)(4.5-n*-(methyl 2-carbamoyl-1-ethyl-1,2,3,6-tetrahydropyridin-3-yl)-2-

methylpropanoate). 24. NaBH, (0.102 g, 2.70 mmol) was directly added to a flame dried 40 mL
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beaker containing a stirring tan homogeneous solution of 22 (0.101 g, 0.112 mmol) in MeOH
(4.70 g) to effervesce vigorously. After 10 minutes, once effervescence had settled, the sample
was removed from the glovebox, diluted with 50 mL DCM, extracted with 3x20 mL NaHCO;
(saturated, aqueous), back-extracted with 2x20 mL DCM, the combined organic layers were
dried with MgS04, filtered through a 60 mL coarse porosity fritted funnel, and the solvent
removed in vacuo. The residue was dissolved in 1 mL DCM, then 1 mL EtOAc, and 50 mL hexanes
added to precipitate a fine tan solid. The solution was cooled to 0 °C for ~20 minutes and the
precipitate collected on a 15 mL medium porosity fritted funnel, rinsed with ~20 mL hexanes,
and placed under vacuum (0.071 g, 0.094 mmol, 84% yield). "H NMR (CDCls, &): 8.98 (s, 1H, NH),
8.19 (d, J = 2.0, 1H, PzA3), 8.06 (d, J = 2.0, 1H, PzB3), 7.70 (d, J = 2.0, 1H, PzB5), 7.67 (d, J = 2.0,
1H, PzC5), 7.61 (d, J = 2.0, 1H, PzA5), 7.20 (d, J = 2.0, 1H, PzC3), 6.29 (t, J = 2.0, 1H, PzB4), 6.25 (t,
J=2.0, 1H, PzA4), 6.20 (t, J = 2.0, 1H, PzC4), 5.10 (s, 1H, NH), 4.03 (dd, J = 11.6, 2.5, 1H, H6), 3.64
(d,J=11.6, 1H, H6'), 3.43 (d, J = 2.5, 1H, H3), 2.95 (ddd, J = 11.8, 2.5, *Jp; = 11.8, 1H, H5), 2.86 (s,
3H, Ester-Me), 2.80 (d, / = 4.9, 1H, H2), 2.59 (m, 1H, H7), 2.18 (m, 1H, H7'), 1.30 (s, 3H, Gem-Me),
1.23 (d, %Jpn = 8.0, 9H, PMes), 1.20 (s, 3H, Gem-Me'), 1.13 (t, J = 7.1, 3H, Ethyl-CH3), 0.43 (d, J =
11.8, 1H, H4). *C NMR (CDCl;, 6): 180.9 (Ester-CO), 178.6 (Amide-CO), 144.0 (PzA3), 143.6
(PzB3), 139.6 (PzC3), 136.3 (PzC5), 135.9 (PzB5), 135.4 (PzA5), 106.6 (PzB4), 106.4 (PzC4), 106.2
(PzA4), 65.6 (C2), 52.5 (C9), 52.2 (d, *Jpy = 11.8, C5), 51.2 (C4), 51.1 (C6/C7), 50.8 (Ester-Me), 45.1
(C3), 24.7 (Gem-Me), 20.4 (Gem-Me'), 13.3 (d, “Jpc = 27.1, PMes), 12.8 (Ethyl-CH;). *'P (CDCl;, 6):
-10.26 (Jwp = 278 Hz). IR: Vgy = 2484 cM™, Vegter = 1724 cM™, Vamige = 1682 cm™, vyo = 1539 cm™. CV
(MeCN): E,, = +0.41. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 756.2666 (80.9), 756.2677
(82.1), 1.4; 757.2695 (71.7), 757.2703 (80.8), 1.0; 758.2694 (100), 758.2702 (100), 1.1; 759.2729

(39.7), 759.2741 (46), 1.6; 760.2726 (72.2), 760.2734 (83), 1.1.
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Methyl 2-(1-acetyl-1,2,3,6-tetrahydropyridin-3-yl)-2-methylpropanoate. 25. O,  oxidation of
17 (0.095 g, 0.130 mmol) was performed in a manner analogous to general procedure 2. SiO,
(10.5 g); reaction time: 16 h. The piperidine was isolated following general procedure 5. Pale
yellow oil located between r= 0.21 and r; =0.36 when using 1:1 EtOAc:Et,0 as the eluent (0.010
g, 0.0448 mmol, 34% yield). *H NMR (CDCls, §): Major: 5.83 (ddd, J = 10.4, 5.3, 2.6, 1H, H5), 5.71
(ddd, J = 10.4, 4.8, 2.7, 1H, H4), 4.31 (ddd, J = 18.9, 5.3, 3.0, 1H, H6), 3.71 (s, 3H, Ester-Me), 3.68
(buried, 1H, H6'), 3.59 (dd, J = 13.3, 4.8, 1H, H2), 3.20 (dd, J = 13.3, 8.5, 1H, H2'), 2.62 (m, 1H,
H3), 2.11 (s, 3H, Amide-Me), 1.22 (s, 3H, Gem-Me), 1.16 (s, 3H, Gem-Me'), Minor: 5.75 (m, 2H,
H4/H5), 4.05 (dd, J = 13.0, 5.4, 1H, H2), 3.93 (dd, / = 18.2, 3.5, 1H, H6), 3.85 (dd, / = 18.2, 2.5, 1H,
H6'), 3.69 (s, 3H, Ester-Me), 3.18 (dd, J = 13.0, 8.7, 1H, H2'), 2.62 (m, 1H, H3), 2.08 (s, 1H, Amide-
Me). *C NMR (CDCls, 8): Major: 177.3 (Ester-CO), 169.7 (Amide-CO), 126.7 (C5), 125.4 (C4), 52.2
(Ester-Me), 45.1 (C2), 44.6 (C7), 42.8 (C3), 42.2 (C6), 23.4 (Gem-Me), 21.5 (Amide-Me), 21.4
(Gem-Me'), Minor: 177.3 (Ester-CO), 169.6 (Amide-CO), 127.8/124.7 (C4/C5), 52.0 (Ester-Me),
45.6 (C6), 44.8 (C7), 41.8 (C3), 39.4 (C2), 23.0 (Gem-Me), 22.1 (Gem-Me'), 21.6 (Amide-Me).
Isomer Ratio: 1.1:1 (Chemical Exchange Observed). IR: Veger = 1727 cM™, Vymice = 1640 cm™. ESI-

MS: obs'd (%), calc'd (%), ppm, (M+Na)™: 248.1257 (100), 248.1253 (100), 1.7.
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Dimethyl 2-(1-acetyl-1,2,3,6-tetrahydropyridin-3-yl)malonate. 26. Method 1: O, oxidation of
16 (0.100 g, 0.132 mmol) was performed in a manner analogous to general procedure 2. SiO,
(10.0 g); reaction time: 18 h. The piperidine was isolated following general procedure 5. Pale
yellow oil located between r; = 0.18 and r;=0.31 when using 1:1 EtOAc:Et,0 as an eluent (0.009
g, 0.0353 mmol, 27% yield). One pot method: A solution of HOTf (0.025 g, 0.167 mmol) in DCM
(2.08 g) was added to an oven dried test tube containing 2 (0.085 g, 0.136 mmol) and was
placed into a 0 °C cold bath next to a separate oven dried test tube containing a solution of
LiDMM (0.056 g, 0.406 mmol) and DCM (1.75 g). The solutions were allowed to cool for 10
minutes. The LIDMM solution was then quickly added to the tungsten allyl solution and allowed
to stir at 0 °C for 30 minutes. The solution was then removed from the cold bath and taken
outside of the glovebox to stir at room temperature. After 15 minutes, the solution was diluted
with 20 mL DCM, extracted with 3x10 mL NaHCO; (saturated, aqueous), back-extracted with
2x10 mL DCM, the combined organic layers were dried with MgSQ,, filtered through a 60 mL
coarse porosity fritted funnel, and the solvent removed to leave a yellow-brown residue. Crude
16 was oxidized with O, in a similar manner to that of general procedure 2. SiO, (10.0 g);
reaction time: 20 h. General procedure 5 was followed to isolate the product. Pale yellow oil
located between r; = 0.17 and ri= 0.32 when 1:1 EtOAc:Et,0 was used as the eluent (0.013 g,
0.0517 mmol, 38% yield). 'H NMR (CDCl;, §): Major: 5.69-5.86 (m, 2H, H4/H5), 4.09 (ddd, J =
19.3, 2.5, 2.4, 1H, H6), 3.97 (ddd, J = 19.3, 2.6, 2.4, 1H, H6'), 3.76 (s(shoulder), 3H, Ester-
Me(maj,min)), 3.75 (s, 3H, Ester-Me'), 3.63 (dd, J = 13.8, 4.3, 1H, H2), 3.53 (dd, J = 13.8, 5.5, 1H,
H2'), 3.40 (d, J = 9.4, 1H, H7), 3.03 (s(broad), 1H, H3), 2.09 (s, 3H, Amide-Me), Minor: 5.69-5.86
(m(overlap with maj), 2H, H4/H5), 3.93 (m, 2H, H6/H6'), 3.76 (s(shoulder of maj)), 3H, Ester-Me),
3.73 (s, 3H, Ester-Me'), 3.86 (dd, /= 13.4, 4.9, 1H, H2), 3.49 (dd, /= 13.4, 4.4, 1H, H2"),3.34 (d, J =

9.5, 1H, H7), 3.03 (s(broad, overlap of maj), 1H, H3), 2.10 (s, 3H, Amide-Me). *C NMR (CDCl,, &):
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Major: 170.2 (Amide-CO), 168.6 (Ester-CO), 168.3 (Ester-CO'), 127.4/125.4 (C4/C5), 53.9 (C7),
52.9 (Ester-Me), 52.8 (Ester-Me'), 46.0 (C2), 42.2 (C6), 35.6 (C3), 21.3 (Amide-Me). Minor: 169.8
(Amide-CO), 168.3 (Ester-CO), 168.2 (Ester-C0'), 127.3/125.7 (C4/C5), 54.2 (C7), 52.9 (Ester-Me),
52.7 (Ester-Me'), 45.8 (C6), 41.1 (C2), 34.9 (C3), 21.9 (Amide-Me). Isomer ratio: 1.7:1 (Chemical
Exchange Observed). IR: Veger = 1732 cM™, Vamide = 1639 cm™. ESI-MS: obs'd (%), calc'd (%), ppm,

(M+Na)": 278.0987 (100), 278.0999 (100), 4.4.

. 0
| v
3
o
O 7

Methyl 2-(1-acetyl-2-oxo0-1,2,3,6-tetrahydropyridin-3-yl)-2-methylpropanoate. 27. Acetone
(4.17g) was added to a vial containing 22 (0.102g, 0.135 mmol) and |, (0.207 g, 0.816 mmol) and
the dark brown solution was allowed to stir. After 1 hour the reaction solution was transferred
to a separatory funnel containing 50 mL NaHCO; (saturated, aqueous) to precipitate a brown
solid, which dissolved in the following 5x25 mL DCM extractions. The organic layer was dried
with MgSQ,, filtered through a 60 mL coarse porosity fritted funnel, the solvent removed in
vacuo, and the residue transferred to a vial with DCM which was then removed in vacuo. The
residue was transferred to a preparatory TLC plate with 4x0.3 g DCM and two 1 mL syringes. The
plate was eluted with 4:1 hexanes:Et,0. The band between r; = 0.15 and ri= 0.27 was removed,
placed in a test tube with 15 mL EtOAc and sonicated for 10 minutes. The silica for this band was
collected on a 30 mL medium porosity fritted funnel, and the product washed off of the silica
with 200 mL EtOAc, solvent removed from the filtrate in vacuo and the residue transferred to a
tared vial with DCM, and the solvent was removed in vacuo. The vial was placed under vacuum

overnight yielding a colorless oil (0.010 g, 0.042 mmol, 31% yield). "H NMR (CDCl;, §): Major:
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6.01 (ddt, J = 10.1, 3.5, 1.6, 1H, H5), 5.80 (ddt, J = 10.1, 3.8, 1.9, 1H, H4), 4.23 (ddd, J = 3.5, 3.3,
1.9, 2H, H6/H6’), 3.74 (s, 3H, Ester-Me), 3.55 (ddd, J = 3.8, 3.3, 1.6, 1H, H3), 2.53 (s, 3H, Acyl-
Me), 1.26 (s, 3H, Gem-Me), 1.19 (s, 3H, Gem-Me'). Minor: 5.94/5.74 (m, 2H, H5/H4), 3.93 (m,
2H, H6/HE’), 3.73 (s, 3H, Ester-Me), 3.44 (ddd, J = 8.4, 4.2, 1.6, 1H, H3), 1.23 (s, 3H, Gem-Me),
1.2 (s, 3H, Gem-Me'). >C NMR (CDCls, 8): Major: 176.8 (Ester-CO), 173.6 (Amide-C0O), 171.7 (C2),
124.4 (C5), 122.9 (C4), 52.4 (Ester-Me), 51.7 (C2), 46.5 (C7), 45.6 (C6), 27.7 (Amide-Me), 24.0
(Gem-Me), 21.1 (Gem-Me'), Minor: 123.7/123.5 (C4/C5), 52.2 (Ester-Me), 47.9 (C3), 46.2 (C7),
43.8 (C6), 23.3 (Gem-Me), 21.4 (Gem-Me'). Isomer ratio: 4.6:1. IR: Veger = 1733 cm™, Vimige = 1698

cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 262.1050 (100), 262.1050 (100), 0.0.

Methyl 2-(2-cyanopyridin-3-yl)-2-methylpropanoate. 28. Acetone (4.01 g) was added to a vial
containing 22 (0.100 g, 0.133 mmol) and DDQ (0.123 g, 0.542 mmol) to give a dark red
homogeneous solution that was removed from the glovebox after several minutes and exposed
to air for 0.5 hours. The reaction was allowed to stir for 14 hours, then was diluted with 20 mL
DCM, extracted with 3x10 mL NaHCO; (saturated, aqueous), back-extracted with 3x10 mL DCM,
the combined organic layers were dried with MgSQ,, filtered through a 60 mL coarse porosity
fritted funnel, and the solvent removed in vacuo. The residue was transferred to a 4 dram vial
with DCM and the solvent was removed once more in vacuo. The residue was loaded onto a 20
cm x 20 cm x 500 micrometer SiO, preparatory TLC plate with 4x0.3 g DCM and a 1 mL syringe.
The preparatory TLC plate was eluted with Et,0 and the band that was UV active between r; =
0.55 and r; = 0.69 was removed from the TLC plate, placed in a test tube with 15 mL EtOAc, and

sonicated for 10 minutes to break up the silica. The silica was collected on a 30 mL medium
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porosity fritted funnel, washed with 200 mL EtOAc, and the solvent removed from the filtrate in
vacuo. The residue was then transferred to a tared vial with DCM, the solvent removed, and the
resulting material placed under vacuum overnight (colorless oil, 0.008 g, 0.039 mmol, 30%
yield). "H NMR (CDCl;, 6): 8.60 (dd, J = 4.8, 1.5, 1H, H6) 7.83 (dd, J = 8.2, 1.5, 1H, H4), 7.52 (dd, J
= 8.2, 4.8, 1H, H5), 3.79 (s, 3H, Ester-Me), 1.71 (s, 6H, Gem-DiMe). *C NMR (CDCls, &): 175.7
(Ester-CO) 148.8 (C6), 145.2 (C3), 134.2 (C4), 133.8 (C2), 126.8 (C5), 116.6 (CN), 53.1 (Ester-Me),
46.3 (C7), 26.6 (Gem-DiMe). IR: Vyirile = 2233 ¢M™, Vegrer = 1735 cm ™. ESI-MS: obs'd (%), calc'd (%),

ppm, (M+Na)*: 227.0798 (100), 227.0791 (100), 2.9.

Dimethyl 2-(1-acetyl-6-allyl-1,2,3,6-tetrahydropyridin-3-yl)malonate. 29. One pot method 1:
General procedure 1 was used to generate the tetrahydropyridine complex precursor. Test tube
1: 8 (0.105 g, 0.158 mmol); HOTf (0.025 g, 0.165 mmol); MeCN (1.26 g). Test tube 2: LIDMM
(0.063 g, 0.456 mmol); MeCN (0.73 g). Oxidation of the complex was performed following
general procedure 2. SiO, (10.1 g); reaction time: 15 h. General procedure 5 was followed to
isolate the product. Pale yellow oil located between r; = 0.21 and r; = 0.33 when Et,0 was used
as the eluent (0.016 g, 0.0535 mmol, 34% yield). One pot method 2: General procedure 1 was
used to generate the tetrahydropyridine complex precursor. Test tube 1: 8 (0.100 g, 0.150
mmol); HOTf (0.024 g, 0.161 mmol); MeCN (1.19 g). Test tube 2: LIDMM (0.063 g, 0.456 mmol);
MeCN (0.80 g). Oxidation of the complex was performed following general procedure 3.

Acetone (4.04 g); CAN (0.083 g, 0.152 mmol); reaction time: 1 h. General procedure 5 was
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followed to isolate the product. Pale yellow oil located between r; = 0.21 and r; = 0.35 when Et,0
was used as the eluent (0.015 g, 0.0508 mmol, 34% yield).One pot method 3: General procedure
1 was used to generate the tetrahydropyridine complex precursor. Test tube 1: 8 (0.100 g, 0.150
mmol); HOTf (0.024 g, 0.158 mmol); MeCN (1.16 g). Test tube 2: LIDMM (0.064 g, 0.464 mmol);
MeCN (0.74 g). Oxidation of the complex was performed following general procedure 4.
Acetone (2.05 g); DDQ (0.069 g, 0.304 mmol); reaction time: 1.5 h. General procedure 5 was
followed to isolate the product. Pale yellow oil located between r; = 0.20 and r; = 0.35 when Et,0
was used as the eluent (0.016 g, 0.0535 mmol, 36% yield). *H NMR (CDCls, 6): 5.84-5.73 (m, 2H,
H4(maj,min)/H5(maj,min)/H8(min)) 5.61 (d, J = 10.3, 1H, H8(min)), 5.15-5.00 (m, 2H,
H9(maj,min)/H9'(maj/min)), 4.92 (m, 1H, H6), 4.66 (dd, J = 12.5, 5.3, 1H, H2(min)), 4.15 (m, 1H,
H6(min)), 3.89 (dd, J = 12.5, 3.1, 1H, H2), 3.77/3.76/3.74 (s, 6H, Ester-Me(maj,min)/Ester-
Me'(maj,min)), 3.37 (d, J = 7.1, 1H, H10(min)), 3.34 (d, J = 7.4, 1H, H10), 3.02 (dd, J = 12.5, 11.1,
1H, H2"), 2.97 (m, 1H, H3(maj,min)), 2.63 (dd, J = 12.5, 11.3, 1H, H2'(min)), 2.35 (t, J = 7.1, 1H,
H7(min)/H7'(min)) 2.30 (t, J = 7.1, 1H, H7/H7"), 2.12 (s, 3H, Amide-Me), 2.09 (s, 3H, Amide-
Me(min)). *C NMR (CDCls, 6): 169.3 (Amide-CO(maj,min)) 168.2 (Ester-CO(maj,min),Ester-
CO'(maj,min)), 134.4/130.7 (C4/C5), 133.6/128.8/127.9 (C4(min)/C5(min)/C8(min)), 126.1 (C8),
118.8 (C9(min)), 117.6 (C9), 54.6 (C6(min)), 53.8 (C10), 53.6 (C10(min)), 52.0/52.8/52.6 (Ester-
Me(maj,min),Ester-Me'(maj,min)), 49.9 (C6), 43.6 (C2), 39.0 (C7(min)) 38.0 (C7), 37.6 (C2(min)),
35.5(C3), 34.6 (C3(min)), 21.9 (Amide-Me), 21.8 (Amide-Me(min)). Isomer Ratio: 2.3:1 (Chemical
Exchange Observed). IR: Vester = 1734 cM™, Vamige = 1639 cm™. ESI-MS: obs'd (%), calc'd (%), ppm,

(M+Na)™: 318.1319 (100), 318.1312 (100), 2.2.
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Dimethyl 2-((3S,6S)-1-acetyl-6-ethyl-1,2,3,6-tetrahydropyridin-3-yl)malonate. 30. General
procedure 1 was used to generate the tetrahydropyridine complex precursor. Test tube 1: 3
(0.103 g, 0.157 mmol); HOTf (0.025 g, 0.168 mmol); MeCN (1.10 g). Test tube 2: LiDMM (0.070 g,
0.507 mmol); MeCN (0.74 g). Oxidation of the complex was performed following general
procedure 2. SiO, (10.3 g); reaction time: 15 h. General procedure 5 was followed to isolate the
product. Pale yellow oil from the band located between r; = 0.28 and r; = 0.43 using 9:1
Et,0:EtOAcC as the eluent (0.018 g, 0.063 mmol, 40% yield). *"H NMR (CDCls, §): Major: 5.81 (ddd,
J=10.3,3.7,2.2, 1H, H5), 5.58 (dd, J = 10.3, 1.0, 1H, H4), 4.80 (m, 1H, H6), 3.90 (dd, J = 11.1, 1.8,
1H, H2), 3.77 (s, 3H, Ester-Me), 3.76 (s, 3H, Ester-Me'), 3.33 (d, J = 6.9, 1H, H9), 3.03 (d, J = 11.1,
1H, H2'), 3.00 (m, 1H, H3), 2.14 (s, 3H, Amide-Me), 1.55 (m, 2H, Ethyl-CH,), 0.92 (t, J = 7.7, Ethyl-
CHs), Minor: 5.78 (m, 2H, H4/H5), 4.66 (dd, J = 12.5, 5.4, 1H, H2), 4.00 (dd, J = 6.8, 6.6, 1H, H6),
3.76 (s(shoulder of major), 3H, Ester-Me), 3.74 (s, 3H, Ester-Me'), 3.36 (d, /= 7.1, 1H, H9), 3.00
(m(buried), 1H, H3), 2.61 (dd, J = 12.5, 12.5, 1H, H2'), 2.10 (s, 3H, Amide-Me), 1.66 (m, 2H, Ethyl-
CH,), 0.97 (t, J = 7.4, Ethyl-CH;). *C NMR (CDCls, &): Major: 169.3 (Amide-CO), 168.2 (Ester-
CO/Ester-CQ'), 131.3 (C5), 125.6 (C4), 53.9 (C9), 52.9 (Ester-Me), 52.8 (Ester-Me'), 51.5 (C6), 43.3
(C2), 35.7 (C3), 26.6 (Ethyl-CH,), 21.8 (Amide-Me), 10.6 (Ethyl-CHs), Minor: 169.3 (Amide-CO),
168.3 (Ester-CO/Ester-C0'), 129.1/127.6 (C4/C5), 56 (C6), 53.7 (C9), 52.8 (Ester-Me), 52.6 (Ester-
Me'), 37.7 (C2), 34.7 (C3), 27.7 (Ethyl-CH,), 21.7 (Amide-Me), 10.9 (Ethyl-CH3). Isomer Ratio:
1.9:1 (Chemical Exchange Observed). IR: Vester = 1735 cm™, Vamige = 1632 cm™. ESI-MS: obs'd (%),

calc'd (%), ppm, (M+Na)": 306.1309 (100), 306.1312 (100), 0.9.
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1-(2,5-diethyl-5,6-dihydropyridin-1(2H)-yl)ethanone. 31. Silica (11 g) was added to a 100 mL
14/20 pear shaped round bottom flask containing 19 (0.102 g; 0.066 g, 0.097 mmol, adjusted for
3 impurity) and 50 mL MeCN. Parafilm was placed over the opening and a small hole was poked
in it. The solution was allowed to stir rapidly for 23 hours. The solution was filtered through 1
cm celite on top of 1 cm sand and washed with 200mL EtOAc. The solvent was evaporated, the
residue was loaded onto a SiO, predatory TLC plate and eluted with EtOAc. The band between r¢
= 0.38 and r; = 0.52 was removed from the plate, loaded onto a 30 mL coarse porosity fritted
funnel containing 2 cm celite on top of 2 cm sand and covered with 1 cm sand. The product was
washed off with 300 mL EtOAc and the solvent evaporated from the filtrate. The residue was
transferred to a tared vial with DCM, the solvent removed in vacuo and the vial placed under
vacuum (0.007 g, 0.0386 mmol, 40% yield). 'H NMR (CDCl;, &): 5.78-5.61 (m, 2H,
H3/H4(maj,min)) 4.78 (br s, 1H, H2), 4.65 (dd, J = 12.4, 5.1, 1H, H6(min)), 3.97 (br s, 1H,
H2(min)), 3.67 (dd, J = 13.5, 5.3, 1H, H6), 2.79 (dd, J = 13.5, 11.2, 1H, H6'), 2.27 (dd, J = 12.4,
10.9, 1H, H6'(min)), 2.15 (br s, 1H, H5), 2.10 (s, 3H, Amide-Me), 2.09 (s, 3H, Amide-Me(min)),
1.75-1.48 (m, 2H, Et-CH,), 1.41-1.19 (m, 2H, Et-CH,), 1.03-0.87 (m, 6H, Et-CHs). **C NMR (CDCl,,
6): Major: 168.9 (Amide-CO), 129.6/128.7 (C3/C4), 51.6 (C2), 45.9 (C6), 37.3 (C5), 26.8 (Et-CH,),
25.9 (Et-CH,'), 22.0 (Amide-Me), Minor: 169.2 (Amide-CO), 131.6/127.0 (C3/C4), 56.1 (C2), 40.2
(C6), 36.3 (C5), 27.9 (Et-CH,), 26.1 (Et-CH,'"), 21.7 (Amide-Me), 11.0/10.9/10.7 (Et-CH; (maj,min)).
Isomer Ratio: 1:1.3 (Chemical Exchange Observed). IR: V,mige = 1634 cm™. ESI-MS: obs'd (%),

calc'd (%), ppm, (M+Na)*: 204.1371 (100), 204.1359 (100), 5.7.
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Methyl 2-1-acetyl-2-cyano-1,2,3,6-tetrahydropyridin-3-yl)-2-methylpropanoate. 32. A solution
of DABCO (0.062 g, 0.553 mmol) in MeCN (1.0 g) was added to an oven dried test tube
containing a tan solution of 22 (0.105 g, 0.116 mmol) in MeCN (1.90 g) and the resulting mixture
was allowed to stir in a 58 °C oil bath. After 7 h 45 min., the solution was removed from the
glovebox, diluted with 30 mL DCM, extracted with 3x15 mL NaHCO; (saturated, aqueous), back-
extracted with 2x15 mL DCM, the combined organic layers were dried with MgSQ,, filtered
through a 60 mL coarse porosity fritted funnel, and the solvent removed in vacuo. An oxidation
was attempted with O, g in @ manner similar to general procedure 2. SiO, (10.0 g); reaction
time: 17 h. A crude NMR in CDCl; of the residue of evaporated solvent revealed that only SM
remained, indicating the oxidation had failed. Oxidation similar to General Procedure 4 was
performed with DDQ using MeCN as the solvent. The residue was dissolved in MeCN (3.7 g) and
diluted with a solution of DDQ (0.060 g, 0.264 mmol) in MeCN (1.3 g) to make a purple solution
that was allowed to stir. After 23 minutes, the reaction solution was removed from the glovebox
and worked up according to General Procedure 4. General procedure 5 was followed to isolate
the product. Pale yellow oil from the band located between r; = 0.35 and r; = 0.47 when Et,0
was used as the eluent (0.016 g, 0.064 mmol, 55% yield). '"H NMR (CDCls, 6): 6.08 (d, J = 11.1, 1H,
H5(minor)), 5.98 (m, 1H, H5), 5.88 (s, 1H, H2), 5.82 (m, 1H, H4), 5.02 (s, 1H, H2(minor)), 4.43 (d, J
=19.5, 1H, H6(minor)), 4.08 (m, 1H, H6), 4.02 (ddd, J = 17.7, 4.9, 2.5, 1H, H6'), 3.71 (s, 3H, Ester-
Me), 3.64 (d, J = 19.5, 1H, H6'(minor)), 3.02 (ddd, J = 5.3, 2.5, 1.1, 1H, H3), 2.88 (d(br), /= 4.8, 1H,

H3(minor)), 2.22 (s, 3H, Amide-Me(minor)), 2.13 (s, 3H, Amide-Me), 1.29 (s, 3H, Gem-
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Me(minor)), 1.19 (s, 3H, Gem-Me), 1.14 (s, 3H, Gem-Me'(minor)), 1.12 (s, 3H, Gem-Me'). °C
NMR (CDCls, 6): 176.4 (Ester-CO), 170.0 (Amide-CO), 127.5 (C5(minor)), 125.5 (C5), 123.3 (C4),
120.7 (C4(minor)), 117.6 (Nitrile), 52.5 (Ester-Me), 46.0 (C7), 45.3 (C3), 42.9 (C6), 39.1 (C2), 22.5
(Gem-Me), 22.2 (Gem-Me'). Isomer Ratio: 5.5:1 (Chemical Exchange Observed). IR: v =2983 cm’
Y, v=2951cm™, v=2851cm™, Vot = 2236 €M™, Vegter = 1725 €M™, Vamige = 1659 cm™, 1408 cm ™,

1131cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 273.12 (100), 273.121 (100), 3.7.

Dimethyl-2-(1-acetyl-6-(2-methoxy-2-oxoethyl)-1,2,3,6-tetrahydropyridin-3-yl)malonate.  33.
One pot method: General procedure 1 was used to generate the tetrahydropyridine complex
precursor. Test tube 1: 7 (0.100 g, 0.143 mmol); HOTf (0.023 g, 0.154 mmol); MeCN (1.16 g).
Test tube 2: LiDMM (0.062 g, 0.449 mmol); MeCN (0.775 g). Oxidation of the complex was
performed following general procedure 2. SiO, (10.3 g); reaction time: 15 h. General procedure
5 was followed to isolate the product. Pale yellow oil from the band located between r; = 0.30
and r; = 0.45 when 1:1 EtOAc:Et,0 was used as the eluent (0.013 g, 0.0406 mmol, 28% vyield). *H
NMR (CDCl;, 6): Major: 5.85 (ddd, J = 10.5, 3.6, 2.3, 1H, H3), 5.67 (ddd, /= 10.5, 1.9, 1.6, 1H, H4),
5.19 (m, 1H, H2), 3.94 (q, J = 9.9, 1H, H6), 3.77 (s, 3H, C8-Ester-Me), 3.76 (s, 3H, C8-Ester-Me'),
3.66 (s, 3H, C2-Ester-Me), 3.35 (d, / = 7.3, 1H, C8), 3.03 (m, 1H, H6E'), 3.00 (m, 1H, H5), 2.53 (dqg, J
= 14.5, 7.0, 2H, H7/H7'), 2.13 (s, 3H, Amide-Me). Minor: 6.83 (buried, 1H, H4), 5.78 (ddd, J =
10.3, 3.8, 2.5, 1H, H3), 4.64 (m, 2H, H2/H6), 3.76 (s, 3H, C8-Ester-Me), 3.75 (s, 3H, C8-Ester-Me'),

3.69 (s, 3H, C2-Ester-Me), 3.38 (d, J = 6.5, 1H, H8), 3.00 (buried, 1H, H5), 2.63 (m, 3H,
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H6/H7/H7'), 2.15 (s, 3H, Amide-Me). **C NMR (CDCls, 6): 171.2 (C2-Ester-CO) 169.3 (Amide-CO),
168.1 (C8-Ester-CO/C8-Ester-C0'), 129.8 (C3), 127.0 (C4), 53.6 (C8), 52.9 (C8-Ester-Me), 52.8 (C8-
Ester-Me'), 51.9 (C2-Ester-Me), 47.4 (C2), 43.4 (C6), 37.8 (C7), 35.5 (C5), 21.8 (Amide-Me) Minor:
171 (C2-Ester-CO), 169.5 (Amide-CO), 168.2 (C8-Ester-CO), 168.1 (C8-Ester-CO'), 128.9 (C4),
128.1 (C3), 53.4 (C8), 52.8 (C8-Ester-Me), 52.7 (C8-Ester-Me'), 52.1 (C2-Ester-Me), 51.4 (C2),
39.0 (C7), 37.6 (C6), 34.4 (C5), 21.5 (Amide-Me). Isomer Ratio: 2.1:1 (Chemical Exchange
Observed). IR: Vester = 1732 cM™, Veger = 1639 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)™:

350.1231 (100), 350.1216 (100), 4.3.

(@] l (@]
| N\fO
O,N \7

Dimethyl 2-(1-acetyl-6-(nitromethyl)-1,2,3,6-tetrahydropyridin-3-yl)malonate. 34. One pot
method: General procedure 1 was used to generate the tetrahydropyridine complex precursor.
Test tube 1: 10 (0.101 g, 0.147 mmol); HOTf (0.023 g, 0.156 mmol); MeCN (1.15 g). Test tube 2:
LiDMM (0.062 g, 0.449 mmol); MeCN (0.73 g). Oxidation of the complex was performed
following general procedure 3. Acetone (4.1 g); CAN (0.083 g, 0.151 mmol); reaction time: 1 h 15
minutes. General procedure 5 was followed to isolate the product. Pale yellow oil from the band
located between r; = 0.29 and r; = 0.43 when 3:1 EtOAc:Et,0 was used as the eluent (0.031 g,
0.0986 mmol, 67% vyield). 'H NMR (CDCls, 6): Major: 5.89 (ddd, J = 10.3, 3.6, 1.9, 1H, H4), 5.81
(ddd, J = 10.3, 3.1, 2.3, 1H, H5), 5.38 (m, 1H, H6), 4.59 (dd, J = 11.4, 5.2, 1H, H7), 4.49 (dd, J =
11.4,5.8, 1H, H7'), 4.00 (d(br), 1H, H2), 3.77 (s, 3H, Ester-Me), 3.76 (s, 3H, Ester-Me'), 3.38 (d, / =

7.5, 1H, H8), 2.99 (shoulder, 1H, H3), 2.97 (dd, J = 11.4, 10.8, 1H, H2'), 2.17 (s, 3H, Amide-Me),
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Minor: 6.03 (d, J = 10.5, 1H, H4), 5.73 (ddd, J = 10.5, 4.0, 2.4, 1H, H5), 4.98 (m, 1H, H6), 4.68 (dd,
J=13.3,5.7, 1H, H2), 3.76 (s, 3H, Ester-Me), 3.75 (s, 3H, Ester-Me'), 3.44 (d, J = 5.9, 1H, H8), 2.97
(buried, 1H, H3), 2.74 (dd, J = 13.3, 11.5, 1H, H2'), 2.11 (s, 3H, Amide-Me). *C NMR (CDCls, 8):
Major: 170.2 (Amide-CO), 167.9 (Ester-CO/Ester-CQ'), 130.2 (C4), 125.3 (C5), 76.5 (C7), 53.2 (C8),
53.0 (Ester-Me), 52.9 (Ester-Me'), 48.6 (C6), 43.6 (C2), 35.1 (C3), 21.8 (Amide-Me), Major: 169.7
(Amide-CO), 168.1 (Ester-CO), 167.9 (Ester-CQ'), 132.4 (C4), 123.6 (C5), 76.1 (C7), 52.9/52.8/52.7
(Ester-Me/Ester-Me/C8/C6), 37.3 (C2), 34.2 (C3), 21.2 (Amide-Me). Isomer Ratio: 5.5:1
(Chemical Exchange Observed). IR: Veger = 1735 cM™?, Vegter = 1641 cm™. ESI-MS: obs'd (%), calc'd

(%), ppm, (M+Na)*: 337.1 (100), 337.1006 (100), 1.8.

TMS

Dimethyl-2-(1-acetyl-6-((trimethylisilyl)ethynyl)-1,2,3,6-tetrahydropyridin-3-yl)malonate.  35.
One pot method: General procedure 1 was used to generate the tetrahydropyridine complex
precursor. Test tube 1: 9 (0.100 g, 0.138 mmol); HOTf (0.022 g, 0.146 mmol); MeCN (1.09 g).
Test tube 2: LIDMM (0.057 g, 0.413 mmol); MeCN (0.74 g). Oxidation of the complex was
performed following general procedure 3. Acetone (4.1 g); CAN (0.077 g, 0.140 mmol); reaction
time: 1 h. General procedure 5 was followed to isolate the product. Pale yellow oil from the
band located between r; = 0.45 and r; = 0.65 when Et,0 was used as the eluent (0.027 g, 0.0768
mmol, 55% yield). *H NMR (CDCls, §): 5.74-5.44 (m, 3H, H4(maj,min)/H5(maj,min)/H6(maj)) 4.70
(s, 1H, H6(min)), 4.50 (dd, J = 12.7, 4.2, 1H, H2(min)), 3.83 (dd, J = 13.6, 4.3, 1H, H2), 3.64 (s, 6H,

Ester-Me/Ester-Me'), 3.64/3.62 (s, 6H, Ester-Me(min)/Ester-Me'(min)), 3.24 (d, J = 8.1, 1H,
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H9(maj,min)), 3.11 (dd, J = 13.6, 12.7, 1H, H2'), 2.88 (m, 1H, H3(maj,min)), 2.55 (dd, J = 12.7,
11.0, 1H, H2'(min)), 2.04 (s, 3H, Amide-Me(min)), 2.02 (s, 3H, Amide-Me), 0.00 (s, 9H, TMS). *C
NMR (CDCls, 6): Major: 168.7 (Amide-CO), 168.1 (Ester-CO/Ester-CO'), 128.2/126.4 (C4/C5),
102.1 (C7), 88.3 (C8), 53.7 (C9), 52.9 (Ester-Me/Ester-Me'), 43.8 (C2), 42.6 (C6), 35.5 (C3), 21.4
(Amide-Me), 0.04 (TMS), Minor: 169.6 (Amide-CO), 168.1 (Ester-CO/Ester-CO'), 128.4/125.6
(c4/cs5), 101.1 (C7), 89.7 (C8), 53.7 (C9), 52.9/52.7 (Ester-Me/Ester-Me'), 46.9 (C6), 38.5 (C2),
34.6 (C3), 21.7 (Amide-Me), 0.04 (TMS). Isomer Ratio: 1.8:1 (Chemical Exchange Observed). IR:
Valkyne = 2170 cM™, Vester = 1734 cm™, v = 1661 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)":

374.1381 (100), 374.1394 (100), 3.6.

Methyl 2-carbamoyl-1-ethyl-1,2,3,6-tetrahydropyridin-3-yl)-2-methylpropanoate. 36. NaBH,
(0.106 g, 2.80 mmol) was added directly to a 25 mL flame dried Erlenmeyer flask containing a
tan homogeneous solution of 22 (0.102 g, 0.113 mmol) in MeOH (4.65 g) giving vigorous
effervescence. 10 minutes later, after effervescence had ceased, the solution was removed from
the glovebox, diluted with 50 mL DCM, extracted with 3x20 mL NaHCO; (saturated, aqueous),
back-extracted with 2x20 mL DCM, the combined organic layers were dried with MgSQO,, filtered
through a 60 mL medium porosity fritted funnel, and the solvent removed in vacuo. General
Procedure 2 was followed to liberate the organic compound. SiO, (10.0 g); reaction time: 16 h.
The residue of the evaporated material revealed that oxidation was incomplete with 3:1 ratio of
22:24. The crude material was replaced in a 250 mL flask with the original SiO, and EtOAc and
General Procedure 2 was resumed to enable complete liberation. Reaction time: 171 h. General

Procedure 5 was followed to isolate the piperidine. Pale yellow solid from the band located
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between r; = 0.21 and r; = 0.29 when Et,0 was used as the eluent (0.010 g, 0.038 mmol, 34%
yield). Melting Point: 64-68 °C. "H NMR (CDCls, &): 6.10 (s(br), 1H, NH), 5.99 (dddd, J = 10.2, 4.0,
2.4, 1.8, 1H, H5), 5.65 (dddd, J = 10.2, 4.6, 2.6, 2.3, 1H, H4), 5.30 (s(br), 1H, NH), 3.71 (s, 3H,
Ester-Me), 3.44 (dddd, J = 17.5, 2.8, 2.6, 2.4, 1H, H6), 3.31 (d, J = 1.0, 1H, H2), 3.24 (dddd, J =
17.5,24.0, 2.3, 1.6, 1H, H6'), 2.75 (ddddd, ) = 4.6, 2.8, 1.8, 1.6, 1.0, 1H, H3), 2.7 (dqg, J = 12.5, 7.3,
1H, H7), 2.63 (dq, J = 12.5, 7.3, 1H, H7'), 1.24 (s, 3H, Gem-Me), 1.23 (s, 3H, Gem-Me'), 1.06 (t, ) =
7.3, 3H, Ethyl-Me). *C NMR (CDCls, 8): 179.0 (Ester-CO), 175.7 (Amide-CO), 129.4 (C5), 121.6
(C4), 61.3 (C2), 52.2 (Ester-Me), 49.3 (C7), 47.3 (C8), 47.2 (C6), 45.0 (C3), 25.1 (Gem-Me), 21.6
(Gem-Me'), 13.2 (C8). IR: v = 3438 (br) cm™, v = 3341 (br) cm™, v = 3194 (br) cm™, v = 2975 cm™,
v =2935 cm™, Vegier = 1723 cm™, Vamige = 1669 cm™, v = 1246 cm™, v = 1133 cm™. ESI-MS: obs'd

(%), calc'd (%), ppm, (M+H)*: 255.1709 (100), 255.1703 (100), 2.1.
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Chapter 5

Reversing the Polarization of the Pyridine:
Formal [4+2] Cycloadditions with
Dihydropyridine Complexes of
{TpW(PMe;)(NO)} and the Generation of
Tri- and Tetrasubstituted Piperidines.
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Introduction:

Expanding “chemical space” plays an important role in the discovery of new
biologically active compounds. Methodologies that allow for easy substituent derivation
allows for the possibility of performing structure activity relationships within a biological
pathway and are highly sought out.

Piperidines are among the simplest core frameworks of naturally occurring
biologically active compounds. As such, fundamental methodologies that are capable of
producing derivatives of piperidine in a highly controlled manner have been and are
currently under investigation. Most notably, the Comins group has developed a program
that has allowed for the selective modification of every position of the piperidine ring.*
Their elegant research has allowed for the subsequent synthesis of more than 40
enantiomerically enriched natural products, not to mention countless other unnatural
products made throughout the process. Other key players in the field of piperidine
methodology development include Marazano® *® and Charette®, Bosch,” and Husson and
Royer6 who utilize chiral pyridinium salts, bicyclic lactams, and cyanide substituent
modifications, respectively.

Less is known about transition metal based methodologies for the generation of
piperidine compounds. That being said, the Liebeskind group has taken significant
strides in the development of a methodology which uses stoichiometric quantities of
molybdenum, a cheap transitional metal, to enable novel organic reaction schemes and
has led to the enantioselective synthesis of several natural products. Piperidine

precursors are derived from an aza-Achmatowicz rearrangement of furans and holds



146

great promise as useful starting materials for more enantiomerically pure piperidine
compounds.7

Our approach, which utilizes pyridines coordinated to {TpW(NO)(PMe3)} as
starting materials (because of its low cost, availability, and our experience with
dearomatization chemistry), provides a complementary synthetic sequence for the
development of piperidine compounds. Initially, we were hampered by nitrogen
coordination to the W atom, which leaves the aromatic system intact and still difficult to

modify.2*!

However, we found that blocking the nitrogen with borane (e.g. pyridine
borane) prevents nitrogen coordination and provides access to the aromatic system,
which is disrupted by n’ coordination. Conversion to an acetyl pyridinium complex, 1,

has proven useful as a synthon for nove piperidines.'**°

Mild regio- and stereoselective
synthesis of carbon bound, n2 1,2-dihydropyridine (DHP) complexes are easily obtained
from 1d (Scheme 1).** The coordination diasteriomer ratio (cdr) of the starting material
is maintained in the isolated DHP complexes.

In a recent report, we employed this array of DHP complexes in the generation
of 1,3-disubstituted and 1,2,5-trisubstituted tetrahydropyridine (THP) complexes in a
tandem protonation/nucleophilic addition methodology.13 Importantly, we utilized the
metal not only to block addition to one face of the coordinated ligand to give complete
stereocotrolled addition but also utilized the metal to reverse (i.e. umpolung) the

polarity of the alkene conjugated to the amide (i.e. enamide), and produce novel

piperidinamide organic compounds with complete regiocontrol (Figure 1).
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Scheme 1: Synthesis of DHP complexes.

W“m(\ L W“m(\:

W = {TpW(NO)(PMej3)}

Figure 1: Metal umpolung of DHP complexes produce novel piperidinamides.13

With the fundamental reactivity of the DHP complexes in mind and desiring to
expand chemical space, we set out to determine whether or not {TpW(NO)(PMes)}
could (1) facilitate stereoselective cycloaddition reactions with DHP complexes (2) utilize

the metal repolarization of the DHP complexes to produce azabicyclooctene cores with
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unnatural regiochemistries and (3) use these new complexes as divergence points for

additional metal mediated modification. The following report details our findings.

Results and Discussion:

First, monitoring reactions with *'P NMR, we explored the possibility of adding
traditional dienophiles such as N-methyl maleamide, phenyl vinyl sulfone, methyl vinyl
ketone (MVK), other Michael acceptors, etc. to the DHP complexes and found that no
reactions took place at room or slightly elevated temperature in non-polar, polar
aprotic, or protic solvents without the use of a Lewis acid. However, when a solution of
MVK and Yb(OTf); in MeOH were exposed to 2 in *'P NMR, the disappearance of 2 and
the appearance of two new species, the major species having a Jwp = 267 Hz, a 14 Hz
difference from 2 (Jwp = 281 Hz), indicated a reaction had occurred. The reaction scale
was increased and material was isolated in a in a ratio of 7:1 and 44% yield. The lack of
alkene resonances and the appearance of three new methine signals at 5.27, 3.15, and
3.13 ppm, two geminal sets, and two methyl signals indicated that MVK had been
incorporated into the pyridine ring core (Scheme 2). COSY data indicates that the
methine at 5.27 ppm (H1) couples to a geminal set, which couples to the acyl methine,
which couples to a methine at 3.13 ppm (H4). This methine in turn couples to the
second geminal set and a bound proton (H5) that couples to another bound proton.
NOESY data shares these COSY correlations and additional signals that offer some
regiochemical insight. The key interactions of H1 with PMes and H4 with a pyrazole

proton trans-to-PMes indicates the orientation of the THP ligand is that shown in
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Scheme 4. Supported by HSQC and HMBC data, COSY and NOESY data indicates that the
methylene of MVK (i.e. the electrophilic portion) has been incorporated into the DHP
ring a-to-N followed by ring closure of the enolate, to generate the formal [4+2]
cycloadduct, 9. Additionally, an nOe interaction between the acetyl methyl at 2.14 ppm
and a bound proton at 0.97 ppm indicated that the acetyl group is oriented over the
bound alkene, to give the endo adduct. The reversal of the enamide polarity previously
discovered by our group is maintained with the addition of MVK a-to-N.
Characterization of the minor species was difficult due to overlapping resonances with
the major species. However, the minor species is likely a stereoisomer (e.g. amide
rotamer or acyl configurational isomer) of the major species due to the similarity of the
signals for each of the non-overlapping resonances. Of note, exposure of 2 in CDCl; to
MVK, 2,6-di-tert-butylpyridine (DTBP), and BF3-Et,0 (0.018, 0.228, 0.094, and 0.042 M,
respectively), accelerates the completion of the reaction to within 0.5 h (rather than
overnight for Yb(OTf); conditions).

As with MVK, 4 and/or 3Ip NMR was used to monitor reactions of other
dienophiles with 2 when using either the Yb(OTf); or BF3 conditions. Cyclohex-2-enone,
methyl acrylate, maleimide, N-phenyl maleimide, phenyl vinyl sulfone, methyl
propiolate, or dimethyl but-2-ynedioate did not undergo the desired cycloaddition
reactions. B-nitrostyrene and Yb(OTf); are promising via >'P NMR as one major species
of a desirable Jwp (259 Hz) was observed alongside 2 additional signals (5:1.5:1). With
acrolean, numerous species resulted but the major complex signals resembled that of 9

(*H, 3'P, and Jwp). Likewise, methyl acrolean and crotin aldehyde both produced spectra
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where the major species also resemble 9 but again have several minor species.
However, when BF3-Et,0 is added to a solution of 2, CDCls, trans-cinnimaldehyde, and
DTBP a precipitate immediately forms. When this precipitate is dissolved in DMSO-ds
shortly after precipitation, three species are observed. The major species resembles 9
via 'H &s, *'P &'s and Jwp’s, while the two minor species have resonances that are
characteristic of pyridinyl allyic species of {ToW(NO)(PMe;)}."> When the precipitate that
initially forms is allowed to stir overnight, the enolate of the presumed allylic
intermediate (from the Michael addition) closes down on the allyl to complete the
formal [4+2] cycloadditions and allows for the isolation of one compound, 10. The
structure of 10 has been fully characterized via 2D NMR techniques as is consistent with
the proposed structure. Interestingly, the upfield shift of the amide methyl in *H NMR,
from typical values of ~2.1 to 1.34 ppm, indicates that the amide is in the shielding
region of the phenyl group and allowed us to assign the stereochemistry of the carbon
atom that is attached to the phenyl group. Combined with an nOe interaction of the
aldehyde and H5, this data indicates the formal [4+2] endo cycloadduct formed.
Unfortunately, we were unable to induce a [4+2] cycloaddition reaction with the
2-substituted DHP complexes with Yb(OTf)s. However, addition of BF3-Et,0 to a solution
of 3, CDCls, trans-cinnimaldehyde, and DTBP produced one major (and several minor)
complex overnight. NMRs of the crude reaction solution revealed 'H methine signals
and a Jwp = 261 Hz (3'P NMR) that are characteristic of the azabicyclooctene complexes 9
and 10. Although it was not pursued further in this work, the results of the reaction with

3 and cinnimaldehyde suggest that upon optimization of reaction conditions formal
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[4+2] cycloadditions with 2-substitued DHP complexes and Michael acceptors are

accessible.

R,
/
X W/\R1
Wi | NAG Rj -

LA, Solvent,
2 r.t., overnight

9: 44% yield; Yb(OTf);, MeOH
10: 65% yield; BF5Et,0, DTBP, CDCl,

PMe3 H1
L] o
O

mm)\/l\/\

9: R1=(CO)CH3, R2=R3=H, X=CH2, Y=CH(CO)CH3
10: R;=(CO)H, Ry=H, R,=Ph, X=CHPh, Y=CH(CO)H

Scheme 2: MVK addition of 2 and key NOE interactions (in blue) for the major species.

Next, we decided to investigate the ability of nitroso reagents to react with DHP
complexes. Nitroso Diels-Alder reactions with dienes are a valuable source of
heteroatom incorporation into structural frameworks.””* Also, in one report
nitrosobenzene was found to undergo [4+2] hetero Diels-Alder cycloaddition reactions
at room temperature (without the assistance of Lewis acids) with stable organic DHP
compounds similar to the ligands of the DHP complexes presented here.?! The report

found that oxygen attachment occurs a-to-N of the DHP compounds. We were curious
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whether coordination of the DHP compounds to the {TpW(NO)(PMes)} would produce a
different regiochemical connectivity.

When the commercially available nitrosobenzene (NOB) was exposed to several
DHP complexes, a reaction proceeded slowly over a period of several days before
stalling and decomposition proceeded, as monitored by *H and *'P NMR. We found that
addition of LiIOTf to a solution of NOB, DCM, and MeCN drove the reaction to
completion overnight and led to the isolation of new compounds, albeit in low to
moderate yields (Figure 2; 3->11, 48 %; 5212, 52%; 8>13, 36%). Proton NMR spectra
of each of the isolated complexes revealed three unbound methine signals and two
bound core pyridine ring resonances. Two of the methine chemical shifts resembled
that 9 and 10, where the third methine signal is shifted significantly downfield to, on
average, 6.82 ppm (e.g. 1.55 ppm further downfield from the bridgehead methine a-to-
N of 9). Analysis of the NOESY spectrum of 11-13 indicated an nOe interaction between
the phenyl group and one of the upfield shifted methine resonances, which in turn had
an NOE with one of the pyrazole protons. This data, accompanied by HSQC, HMBC, and
COSY spectra, lead to the regiochemical assignment where the oxygen of NOB added a-
to-N. A crystal was grown, and although disorder prevented meaningful bond length
analysis, X-ray analysis confirmed the proposed connectivity. Therefore, coordination of

the metal does not alter the reactivity of the DHPs with nitroso reagents.
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Overnight 11, R=-CH,CH3 (48%)
12, R= -CH,CO,Me (52%)
13, R=-allyl (36%)

PMeBA_\ H

Figure 2: Reaction of NOB with 3, 5, and 8, selected NOESY Interactions of cycloadducts

(in blue), and crystal structure of 13. * - average *H & for 11-13 in ppm.

Recently, our group discovered that ketenes react with an r]2 phenol complex to
produce [2+2] cycloadducts, with the electrophilic portion of the ketene adding meta to
the oxygen of phenol, which represented a repolarization of phenol as a result of

coordination to the metal.”> We were inspired by this discovery and wondered if



154

ketenes were compatible with DHP complexes and capable of [4+2] cycloadditions
additions similar to MVK and NOB. Unfortunately, oxidative decomposition or the
formation of intractable mixtures resulted when DHP complexes were exposed to our
ketene reaction conditions.? Alternatively, we wondered if isocyanates would be a
reasonable and milder alternative for the desired [4+2] additions with the DHP
complexes, since the nitrogen congeners to ketenes are more stable and, as a result of
this stability, are often commercially available.

Therefore, tosyl isocyanate, Ts-ICN, was added to a solution of 3 in CDCl; (0.29
M, 0.14 M; Ts-ICN, 3). Monitoring the reaction via >'P and *H NMR, revealed the
appearance of a single new compound as the starting material was consumed in less
than 1 h. For example, a 26 Hz change in tungsten-phosphorous coupling constant (Jwp =
258 Hz from 284 for 3) and 0.8 ppm change in >'P chemical shift (-12.9 from -12.09 for 3)
was the first indication that a significantly different species was present. In 'H NMR, the
corresponding disappearance of alkene 'H resonances (5.88 and 5.78 ppm) and the
generation of slightly more upfield proton resonances at 5.42 and 5.23 ppm with
different coupling patterns, helped support the notion that a new tetrasubstituted
piperidine complex that was initially indicated via 3Ip NMR had formed. The new
product, 14, was isolated via precipitation in 84% yield (Figure 3). Multidimensional
NMR data (COSY, NOESY, HSQC, and HMBC) are consistent with a [4+2] cycloadduct. Key
NOE interactions indicated in Figure 3 helped confirm that the formal [4+2] cycloadduct

had in fact formed.
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14, R= -CH,CH, (84%)
15, R= -CH,CO,Me (67%)
16, R= -allyl (80%)

17, R= -CC-TMS (38%)*
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Figure 3: [4+2] Ts-ICN cyclcoadduct synthesis, NOE interactions (blue arrows) for 14-17,

and X-ray structure of 16. * - spontaneously precipitated from reaction

To ensure that the reaction was not limited to 3, we performed analogous
reactions with other DHP complexes. Addition of Ts-ICN to 2 immediately (i.e. <3

minutes; the time it took to get to the NMR spectrometer) generated the desired
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species, a result of diminished steric repulsion, but not exclusively as several minor
isomers were generated, as observed by 3P NMR. Ts-ICN and 4 began to generate the
desired product as observed via P NMR but was quite slow under similar
concentrations used with 2 and 3 (e.g. the reaction had not exceeded 80% conversion
after 2 days) and generated several minor side products. Heating the reaction solution
to 60 °C led to the retro-addition of the isocyanate. 5 and 8 cleanly generate the desired
formal [4+2] cycloadducts 15 and 16 in 67 % and 80 % isolated yields. Also, addition of
Ts-ICN to 6 induced a spontaneous precipitation of 17 from the reaction solution in 38%
isolated yield. The structures of 14-17 are supported by 2D NMR.

A crystal of 16 was grown and the X-ray data again confirms our initial NMR
assignment as the [4+2] adduct (Figure 3). Additionally, the structure confirms the
connectivity in which the electrophilic portion of the isocyanate (i.e. C=0) added a-to-N
of the DHP ring and the expected anti-to-metal stereoselectivity. We were happy to see
that the umpolung discovered in our previous work is maintained with the Ts-ICN
cycloadditions and MVK.*

After sitting in solution for several days, we noticed that all of the cycloadducts
began to convert to two species. One of the species was a new compound while the
second was the DHP that was used as the starting material. Eventually, we found that
acetic acid catalyzed the conversion of the cycloaddition products, 14 and 15, to new

18\W-31p coupling constant of 272 Hz, 14 Hz

complexes, 16 and 17, each with a
difference from the cycloadduct and 12 Hz different than the DHP starting material,

without regenerating the DHP starting materials (Figure 4). Isolation of the product was
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achieved after removal of acetic acid with a basic water workup (NaHCO3; saturated,
aqueous) followed by precipitation of the products from hexanes. NMR data (‘H, *3C,
COSY, NOESY, HSQC, HMBC) indicated that the azabicyclooctene core was no longer
intact (Figure 4). For example, COSY data indicates that 18 has a three proton spin
system (H3<->H4<->H5) containing two bound protons and an alkene resonance (2.42,
2.79, and 7.46 ppm, respectively), as well as a 'H resonance at 5.54 ppm that couples to
the geminal set of the ethyl group but not any other protons. Consistent with other DHP
complexes,** we rationalized that the proton at 5.54 ppm is actually adjacent to a bound
carbon atom, but simply displaying a small coupling constant (i.e. <3 Hz) due to an
appropriate Karplus angle with one of the bound protons (H2; Figure 4). Therefore, we
rationalized that the proton a-to-N (H6), had been transferred to the Ts-Amide
regenerating a DHP, and completing an overall step-wise electrophilic substitution a-to-
N. An X-ray structure of 18 was obtained and confirmed that an overall electrophilic
substitution had taken place (Figure 4). Again, the electrophile adds a-to-N rather than
B-to-N, which organic enamides produce. Addition of acetic acid to 16 also produces
features (*H, Jwe, etc.) similar to that of 18 and 19, indicating by analogy that 18-20 are

all electrophilic substitution products.

O 0

Hs O
TS\N%Q_% AOH Hy N/TS
W\\‘\‘Méc - WII“II H
H H3

H H;R

18, R=-CH,CH, (87%)
19, R=-CH,CO,Me (57%)
20, R=-allyl (NMR expt)
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Figure 4: Synthesis of electrophilic substitution products of Ts-ICN and X-tal structure of

18 (hydrogen-bonded H,0 omitted).

We desired to expand the scope of isocyanate additions by performing the
cycloadditions with the less activated isocyanate, phenyl isocyanate. Unfortunately,
phenyl isocyanate did not induce the desired addition to DHP complexes, even after
elevating reaction temperatures, and varying solvents and Lewis acid conditions.
Addition of the more activated chlorosulfonyl isocyanate (CSI), led to intractable
mixtures or oxidation of the electron rich DHP complexes.

Alternatively, addition of trichloroacetyl isocyanate (TCA-ICN) to 3, resulted
kinetically in a mixture of [4+2] cycloadduct and electrophilic substitution a-to-N, and
eventually converted solely to the electrophilic substitution product, 21, as monitored
via 'H, 3P NMR, and Jyp (Scheme 3). 21 was isolated in 47 % vyield and 2D data
confirmed our assignment. An NMR tube experiment was performed with 5 and TCA-
ICN also kinetically formed a mixture of isomers that eventually converted to the
electrophilic substitution product, 22. Attempts to isolate the cycloadducts of TCA-ICN

solely were unsuccessful.
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21, R=-CH,CHj (47%)
22 R=-CH,CO,Me (NMR expt)

Scheme 3: Electrophilic substitution with TCA-NCO.

Interestingly, addition of TCA-ICN to 2 quickly produced a new complex that did
not contain a diastereotopic geminal methylene group. The lack of this feature indicated
that a simple electrophilic substitution, analogous to other DHP complexes had not
occured. Multidimensional NMR data suggests that 23 was produced (Scheme 4). The
substitution pattern of the DHP core indicates that electrophilic addition occurred a-to-
N followed by rapid proton transfer from the & allyl carbon (rather than the ipso-
methine proton that would have served to complete the E* substitution) and generated
a DHP complex, which then rapidly underwent an electrophilic substitution a-to-N. This
explanation is consistent with the notion that the metal fragment has a strong
thermodynamic preference to place the positive charge buildup at one of the terminal
positions of the coordinated allyl, making the anti proton vicinal to this position
kinetically acidic.?® Since no anti proton exists at the 2 position of 3 and 5, electrophilic
substitution is the remaining reaction pathway to follow. Addition of TCA-ICN to an NMR
solution of 2p in CDCls, solely produced the y-to-N E* substitution product, 24 (as

confirmed by COSY, NOESY, HSQC, HMBC data on the crude reaction solution).
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Scheme 4: Reaction of TCA-NCO with 2 and 2p. * - Generated in situ and confirmed by

2D NMR

Organic N-alkoxycarbonyl-1,2-dihydropyridines undergo cycloaddition reactions

with MVK after mild heating (50 °C) for 6 days** and, in a separate report, with N-

25,26

acryloyl-(1S5)-2,10-camphorsultam with strong Lewis acids. Enantioselective Diels-

Alder reactions with a,B-unsaturated aldehydes are possible (0 °C; 1 d).%” Other Michael
acceptors undergo Diels-Alder [4+2] cycloadditions as well. N-alkyl-1,2-
dihydropyridines react with methyl acrylate to produce a [2+2] cycloadduct at low
temperature (-10 °C) after 4 days but the [4+2] cycloadduct at elevated temperature (80

29, 30

°C) overnight. The regiochemical outcome of each of the reactions is what is

expected for dienamides or dienamines where the electrophiles add 6/B—to—N.24’26’ 2830

Although the DHP complexes did not react with maleimides under our conditions,
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maleimides do undergo [4+2] cycloadditions with DHP compounds.®* Since we could
find no reports of DHP cycloadditions with isocyanates and because the DHP complex
reactivity are similar to dienes,* control reactions with cyclohexa-1,3-diene were
performed. Mildly heating cyclohexadiene and TCA-NCO produced no reaction after
several days. Heating Ts-ICN and cyclohexadiene in a mixture of CD3CN and CDCl;
produced compounds inconsistent with a [4+2] bicycle and is corroberated with
patented results.*® From the literature, when cyclohexadiene is subjected to CSI, [2+2]
cycloadducts kinetically form while [4+2] cycloadducts and electrophilic substitution
products are produced thermodynamically.>* ** All of these control reaction lead us to
the conclusion that coordination of the DHP complexes to the metal has fundamentally
enhanced their reactivity toward addition with isocyanates relative to their organic

counterparts.

Post Cyclization Modification:

Hoping to enter into new chemical space and armed with the knowledge that the
metal is capable of supporting allylic species and suspecting that the [2.2.2]
cycloadducts proceed through allylic intermediates, we were curious about whether we
could produce allylic species by the addition of acid. Trifluoromethanesulfonic acid
(HOTf) was therefore added to Ts-ICN [4+2] adducts of 2 (generated in situ by the
stepwise addition of Ts-ICN to 2 followed by addition of HOTf) and 3 (generated from
isolated 14). They each produced species consistent with highly asymmetric n? allyls

(Schemes 5 and 6).”> Addition of LiDMM to a room temperature solution of 25



162

reproduced the [4+2] cycloadduct (Jwp = 260 Hz), via deprotonation and ring closure, as
the major species (~10:1:1 ratio; two minor isomers present). Over time, these signals
converted to a new major isomer (Jwp = 277 Hz) consistent with the C6 electrophilic
substitution product (vide supra), as monitored via 3P NMR (Scheme 5). Addition of
other nucleophiles or bases to 25 produce similar results (i.e. deprotonation), no
reaction, or intractable mixtures. However, when triethyl amine (NEts) is added to 26, a
2-substituted diene complex, 27, was produced and the reaction indicated that
nucleophiles may have access to the allyl of the pyridine ring core (Scheme 6). A crystal

structure confirmed our 2D NMR assignment of 27 (see Scheme 6).

(@]
N&H
NAc HOTf

WI (NEK
W‘\‘ (88% Yield)
+ Nu”
HOAc - HNu
(87%
Yield)

Scheme 5: Synthesis of 25 and nucleophilic deprotonation of 25.

When LiDMM is added to 26 at O °C, one clean new species was produced in 78
% isolated yield (Scheme 7). Methine signals at 5.65 and 2.48 ppm, a geminal set, and

2D NMR techniques indicate that the 1,2,5-substituted THP complex, 28, was generated,
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rather than a 1,2,3-THP resulting from vicinal addition. Similarly, nucleophilic addition to
26 with either ZnEt, or indole also produce THP complexes, 29 and 30 with similar
features, confirmed by 2D NMR, in 47 % and 66 % yield, respectively. Presumably, the
combined steric bulk of the C2 and C6 substituents prevents nucleophilic addition to the
allylic fragment and kinetically selects for deprotonation kinetically instead, while the

lack of one of these substituents allows access to a terminal allylic position.

NEt,
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Scheme 6: Deprotonation of 26 to produce DHP 27 and X-ray structure of 27.

Analogously, addition of HOTf to 9 produced a complex with similar features to
that of 26 but addition of NEts or ZnEt, deprotonated the allyl to produce a species with
resonances similar to 27 or regeneration of 9. When LiDMM was added to the allyl of 9,
a mixture of 9 and an additional compound not resembling a diene was produced (~1:1)

but was not pursued further due to the low expected yield and lack of scope. Addition of
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HOTf to 12 led to the decomposition of the complex and prevented any further
modification. Attempts to reduce the N-O bond eluded us, as our hydrogenation
conditions resulted in the retrocycloaddition products, intractable mixtures, or no

reaction at all.>*3’

(78% Yield)

ZnEtz,

(47 % yield)

Wi

Scheme 7: Nucleophilic addition to 26.
Oxidative Demetallation:
The most common strategy that we use to remove coordinated ligands is
oxidation of the metal complexes. Metal oxidation reduces the electron density utilized
to form stable m bonds with the coordinated ligand, thus weakening its hold on the nt

ligands and releasing free alkenes. Unfortunately, attempts to liberate the nitroso
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cycloadducts, 11-13, failed.®® Oxidation of 9 with molecular oxygen generated several
products, likely due to epimerization and the presence of amide rotational isomers.
Oxidation of 9, 10, 14-17, 28, and 29 was achieved with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) and resulted in the liberation of 31-38 (Scheme 10).
Oxidation of 30 with DDQ failed but molecular oxygen was sufficient to liberate 39
(Scheme 8)." Because additional materials can be found throughout discarded material
of the isolation procedure for isocyanate derivatives, the low isolated yields (19-49%)
are not optimized yields.

Brevianamides, which are toxic metabolites that were first isolated from
penicillin in 1969, contain a related bisamide [2.2.2] bicyclooctane core as their main
structural feature.? In nature, these compounds are suspected to be produced through

40, 41

intramolecular Diels-Alder cycloadditions of pyrazinones, which have been

42-46

performed on model pyrazine systems. Compounds 33-36 possess a similar core to

the brevianamides and related compounds.47'49

Additionally, the indole derivative 39 is
structurally quite similar to several serotonin agonists and antagonists.50 Some simple 3-
substituted piperidines can be produced using radical cyclizations or ring closing
metathesis of open chain enamides,”™ but in no cases other than our own are tri- or
tetrasubstituted piperidines produced with these connectivity patterns in this manner.*
As for nucleophilic addition B-to-N or electrophiles a-to-N, palladium coupling, a

lithiation, or other techniques,SG'59

can produce the desired regiochemistry, but not
without rearomatization of the pyridine. Additionally, we have been unable to find any

reports of direct electrophilic substitution a-to-N of unsubstituted pyridine. As far as we
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can tell, only one report® exists where electrophilic substitution of a pyridine derivative

®1 specifically, 3,5-

occurs a-to-N with electrophiles other than hydrogen atoms.
dimethoxypyridine 1-oxide incorporates an N-oxide and 2-methoxy groups to help direct
electrophilic attack of a nitro group.60 Carbamoyl groups can be incorporated a-to-N in

pyridine via hydration of 2-cyanopyridine® or Pd(0) catalysis with pyridyl halides and

formamide.®

0
0 O _pp Nﬁ
Ts.
J
7 NAc 7 ARG
. . 33; 37%
31; 56% 32; >90% 54%" °
(@] o O
7| NAc NAc 71 ~NAc 38;31%
o 4 37;19% (DDQ)
e , ‘ \\ (DDQ) 39; 26%
34;37% _O 35; 49% 36; 30% ™S (Ozq)

Scheme 8: Liberation of azabicyclooctene, diazabicyclooctane, and carboxamoyl

piperidinamides. * - NMR yield; ? - not isolated

Concluding Remarks:
Several different classes of dieneophiles (e.g. Michael acceptors, nitroso
benzene, ketenes, and isocyanates) were explored to determine their ability to perform

formal [4+2] cycloadditions with DHP complexes of {TpW(NO)(PMes)}. Except for
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ketenes, each of the dienophile classes that were exposed to the complexes reacted
favorably to produce the formal [4+2] cycloadducts. Although we only presented two
fully characterized cycloadducts derived from Michael acceptors, preliminary 31p
experiments are promising and suggest that the scope may be expanded to include
other Michael acceptors as well as 2-substituted DHP complexes. Most importantly, the
electrophilic portion of the dieneophiles, with the exception of nitrosobenzene, added
to the DHP ring regioselectively a-to-N, rather than B-to-N, as is obtained from
cycloadditions with organic DHP compounds.?*?® #3% Also, dienophile addition is
stereoselective anti-to-W, as confirmed by X-ray crystallography for 13 and 16. Of note,
the [4+2] additions described in this report are fundamentally different than those
accessed by exposed dienes and azadienes via n’ coordination of aromatic systems.”*"
64

Addition of HOTf to the [4+2] diazabicyclooctene complex of 2 produces
asymmetric allyls which can then be attacked by mild nucleophiles to produce a
different class of THP complexes (1,2,5-trisubstituted piperidines), but only when a
single steric group is present a-to-N. Nucleophilic addition to the allyl is sterically
hindered when both a-to-N positions of the ring are occupied by substituents.
Importantly, oxidative demetallation with DDQ or molecular oxygen liberates several
piperidinamides with two different structural motifs. Starting from a common N-acetyl-
pyridinium complex, 1, we have added two new and diverging synthetic pathways to the
methodological arsenal of {TpW(NO)(PMes)} and its ability to modify aromatic pyridine

to generate novel 1,2,5,6-tetrasubstituted piperidine compounds. Thus, the W system
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has expanded our access to unexplored chemical space, which cannot be easily achieved

without the described metal system.

Experimental Section:

General Methods: NMR spectra were obtained on a 300, 500, or 600 MHz spectrometer
(Varian INOVA or Bruker Avance). All chemical shifts are reported in ppm and proton and carbon
shifts are referenced to tetramethylsilane (TMS) utilizing residual 'H or B3¢ signals of the
deuterated solvents as an internal standard. Phosphorus NMR signals are referenced to 85%
HsPO, (& = 0.00) using a triphenylphosphate external standard (6 = -16.58). Coupling constants
(/) are reported in hertz (Hz). Infrared spectra (IR) were recorded as a glaze on a MIDAC Prospect
Series (Model PRS) spectrometer fitted with a Horizontal Attenuated Total Reflectance (HATR)
accessory (Pike Industries), or on a Nicolet Avatar 360 FT-IR spectrometer equipped with an ASI-
DiComp diamond anvil ATR assembly. Electrochemical experiments were performed under a
dinitrogen atmosphere using a BAS Epsilon EC-2000 potentiostat. Cyclic voltammetry data was
taken at ambient temperature at 100 mV/s (~25 °C) in a standard three-electrode cell with a
glassy carbon working electrode, N,N-dimethylacetamide (DMA) or acetonitrile (MeCN) solvent
(unless otherwise specified), and tetrabutylammonium hexaflurophosphate (TBAH) electrolyte
(approx. 0.5 M). All potentials are reported versus NHE (Normal Hydrogen Electrode) using
cobaltocenium hexafluorophosphate (E;;, = -0.78 V), ferrocene (E;, = +0.55 V), or
decamethylferrocene (E;;, = +0.04 V) as an internal standard. The peak-to-peak separation was
less than 100 mV for all reversible couples. Elemental analyses (EA) were obtained from Atlantic
Microlabs and agree to within 0.4 % for C, H, and N. High resolution electrospray ionization mass
spectrometry (ESI-MS) analyses were obtained from the University of Richmond from samples

dissolved in acetonitrile then mixed 3:1 with 0.1 M aqueous sodium trifluoroacetate (NaTFA),
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and using [Na(NaTFA)x]" clusters as an internal standard. Data are reported for the dominant
peaks in the isotopic envelope as their observed and calculated masses and their percentage
abundance relative to the parent ion, followed by the difference between the observed and
calculated masses in parts per million, and the ion analyzed, e.g. (obs'd (%), calc'd (%), ppm,
(M+2)*), where Z* = proton or sodium ion.Unless otherwise noted, all synthetic reactions were
performed in a glovebox under a dry nitrogen atmosphere. CH,Cl, and benzene were purified by
passage through a column packed with activated alumina. Other solvents and liquid reagents
were thoroughly purged with dry nitrogen prior to use. Triflate salts were synthesized by
addition of an Et,0 solution of triflic acid to the appropriate conjugate base dissolved in Et,0.
Deuterated solvents were used as received from Cambridge Isotopes. Pyrazole, Pz, protons of
the (tris-pyrazolyl)borate, Tp, ligand were uniquely assigned using a combination of 2-
dimensional NMR experiments and phosphorous-proton coupling(see Figure S1 in supplemental
information).®® When unambiguous assignments were not possible, Pz protons were labeled as
Tp protons. Coordination diastereomers are described by the defining feature’s (ie.
carbocationic center) proximity to the PMe; ligand relative to the W-PMe; bond (e.g. the fewer
number of bonds from the PMe; passing through the upper portion of the coordinated ring
system to the defining feature dictates the proximal (P) ligand). Synthesis of compounds 2-8
have been previously reported. Ts-ICN, TCA-ICN, CSI, and NOB are commercially available and
used as received. Nitroso reagents can also be synthesized using previously reported

procedures.®"®

0 o)

2 ZH
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TpW(NO)(PMe;)(5,6-n*(1,1'-((1R,4R,8R)-2-azabicyclo[2.2.2]oct-5-ene-2,8-diyl)diethanone)). 9.
Yb(OTf); (0.068 g, 0.11 mmol) was added to a homogeneous yellow solution of 2 (0.454 g, 0.725
mmol), MeOH (4.13 g) and MVK (0.132 g, 1.88 mmol). The solution was stirred for 17.5 h then
diluted with DCM (25 mL) and extracted with 3 x 15 mL portions of NaHCO; (aqueous,
saturated) solution. The combined aqueous solution was back extracted with 2 x 15 mL portions
of DCM and combined with the original DCM extract. The resulting organic layer was dried with
MgSO, and filtered through medium-porosity fritted funnel. The filtrate solvent was evaporated
and the residue was dissolved in pre-mixed solution of DCM (6 mL) and EtOAc (6 mL). Et,O (130
mL) was added to this yellow solution to make a precipitate form. The solution was filtered
through medium-porosity fritted funnel and the filtrate solvent was evaporated. The residue
was dissolved with a pre-mixed solution of DCM (6 mL) and EtOAc (6 mL). Hexanes (130 mL) was
added to this solution to make additional precipitate form. The flask was kept in ice bath for 30
min. while stirring. The yellow precipitate was collected on medium-porosity fritted funnel and
dried in vacuo to give the 9 as a yellow powder (0.224 g, 0.322 mmol, 44 % yield). '"H NMR
(CDCl5, 8): 8.15 (d, J = 2.0, 1H, PzB3), 7.92 (d, J = 2.0, 1H, PzA3), 7.74 (d, J = 2.0, 1H, PzB5), 7.66
(d, 4 = 2.0, 1H, PzC5), 7.58 (d, J = 2.0, 1H, PzA5), 7.20 (d, J = 2.0, 1H, PzC3), 6.34 (t, J = 2.0, 1H,
PzB4), 6.23 (t, J = 2.0, 1H, PzA4), 6.13 (t, J = 2.0, 1H, PzC4), 5.27 (dd, J = 6.8, 2.7, 1H, H1), 4.00
(dd,/=10.1, 3.1, 1H, H3), 3.41 (dt, J = 10.1, 1.7, 1H, H3), 3.15 (ddd, J=9.4, 4.3, 2.2, 1H, H8), 3.13
(s, 1H, H4), 2.58 (m, 1H, H7), 2.53 (m, 1H, H6), 2.18 (m, 1H, H7), 2.14 (s, 3H, Acetyl-Me), 2.02 (s,
3H, Amide-Me), 1.27 (d, J = 8.5, 9H, PMes), 0.97 (d, J = 11.6, m, 1H, H5). *C NMR (CDCl;, 8):
209.0 (Acetyl CO), 169.8 (Amide CO), 144.2 (PzA3), 142.8 (PzB3), 140.3 (PzC3), 136.5 (PzC5),
135.7 (PzB5), 134.7 (PzA5), 106.4 (PzB4), 106.0 (PzA4), 105.8 (PzC4), 60.7 (C6), 54.0 (C8), 53.1
(C3), 51.0 (C5), 46.9 (C1), 37.7 (C4), 32.3 (C7), 28.5 (Acetyl Me), 21.9 (Amide Me), 13.5 (d, J =

28.8, PMes). *'P NMR (CDCls, 8): -12.90 (Jwp = 267), -13.25 (Jwp = 266). CV (DMA): E,, = +0.65 V.
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IR: Vg = 2448 cm™, veo = 1701 cm™, Vamige = 1624 cm™, vyo = 1554 cm™. ESI-MS: obs'd (%), calc'd
(%), ppm (M+H)": 695.2142 (84.2), 695.2149 (83.5), 1.0; 696.2157 (69.2), 696.2175 (80.4), 2.6;
697.2169 (100), 697.2174 (100), 0.6; 698.2197 (39.3), 698.2214 (44.2), 2.4; 699.2196 (77.0),

699.2206 (83.5), 1.5.

TpW(NO)(PMe;)(5,6-n%-((1S,4R, 7S,8S)-2-acetyl-7-phenyl-2-azabicyclo[2.2.2]oct-5-ene-8-

carbaldehyde). 10. 2 (0.101 g, 0.161 mmol) was added to a vial, followed by DTBP (0.184 g,
0.962 mmol), then CDCl; (6.86 g), then trans-cinnimaldehyde (0.178 g, 1.35 mmol) resulting in a
homogeneous yellow solution. Addition of BF;-Et,0 (0.064 g, 0.45 mmol) to the vial containing
the homogeneous solution induced a precipitation of a white solid. The heterogeneous solution
was stirred rapidly overnight. After 21.5 h, the solution was removed from the glovebox and
centrifuged for 10 minutes. The solvent was decanted and discarded. The solid was dissolved in
9 mL DCM and diluted with 50 mL Et,0 to precipitate some material in the separation funnel.
The solution was extracted with 3x25 mL NaHCO; (saturate, aqueous), back-extracted with 2x25
mL Et,0, dried with MgSO,, filtered through a 30 mL course porosity fritted funnel, and washed
with 25 mL DCM. The solvent was removed in vacuo and the residue dissolved in 1 mL DCM,
then 2 mL EtOAc, followed by 10 mL Et,0. Hexanes (50 mL) was added to the resulting
homogeneous solution to induce a precipitation of a white solid. The solution was cooled to 0 °C
for 0.5 h then the precipitate was collected on a 15 mL medium porosity fritted funnel, rinsed

with 2x10 mL hexanes and dried under static vacuum (0.086 g, 0.105 mmol, 65% yield). '"H NMR
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(CDCl3): 9.69 (s, 1H, CHO), 8.12 (d, J = 2.0, 1H, PzB3), 7.93 (d, J = 2.0, 1H, PzA3), 7.74 (d, J = 2.0,
1H, PzB5), 7.68 (d, J = 2.0, 1H, PzC5), 7.58 (d, J = 2.0, 1H, PzA5), 7.35 (t, J = 7.8, 2H, H11), 7.24 (t, J
= 7.8, 1H, H12), 7.21 (d, J = 7.8, 2H, H10), 7.19 (d, J = 2.0, 1H, PzC3), 6.32 (t, J = 3.0, 1H, PzB4),
6.23 (t, J = 3.0, 1H, PzA4), 6.17 (t, J = 3.0, 1H, PzC4), 4.15 (m, 1H, H1), 4.09 (dd, J = 5.0, 1.8, 1H,
H7), 3.96 (dd, J = 12.2, 2.7, 1H, H3-syn), 3.77 (ddd, J = 12.2, 1.8, 1.8, 1H, H3-anti), 3.36 (s(br), 1H,
H4), 3.30 (dd, J = 5.0, 1.8, 1H, H8), 2.78 (ddd, *Jpy = 14.3, J = 11.5, 2.9, 1H, H6), 1.35 (s, 3H,
Amide-Me), 1.19 (d, *Jpy = 8.1, 9H, PMe3), 1.06 (dddd, */p = 1.7, J = 11.5, 3.9, 1.8, 1H, H5). °C
NMR (CDCls): 202.7 (Aldehyde-CO), 168.7 (Amide-CO), 144.8 (PzA3), 143 (C9), 142.9 (PzB3),
140.1 (PzC3), 136.7 (PzC5), 136.2 (PzB5), 135.1 (PzA5), 129.2 (C11), 128.4 (C10), 126.9 (C12),
106.9 (PzB4), 106.4/106.3 (PzA4/PzC4), 62.0 (C1), 61.5 (d, *Jpc = 14.5, C6), 60.0 (C8), 53.1 (C5),
51.9 (C3), 50.9 (C7), 34.8 (C4), 20.9 (Amide-Me), 13.6 (d, *Jpc = 27.8, PMes). *'P NMR (CDC5): -
13.17 (Jwp = 266). IR: Vg = 2485 cm™, Vero = 1718 cm™, Vamige = 1633 cm™, vpo = 1564 cm™. CV

(MeCN): £, , = +0.67 V.

His
Hia
Hqo
H N’le“/g
NS, /Z)\V\
‘wo HGT X
H10
Me;P Tp H9

TpW(NO)(PMe;)(7,8-n*-(1-(-6-ethyl-2-phenyl-3-oxa-2,5-diazabicyclo[2.2.2]oct-7-en-5-

yl)ethanone))). 11. DCM (4.20 g) and MeCN (6.50 g) were added to a vial containing 3 (0.655 g,
1.001 mmol), NOB (0.265 g, 2.474 mmol), and LiOTf (0.156 g, 1.000 mmol) to make a
homogeneous dark yellow-brown solution. After 14.5 h, the reaction solution was removed
from the glovebox, diluted with 70 mL DCM, extracted with 3x50 mL NaHCO; (saturated,

aqueous), back-extracted with 2x50 mL DCM, dried with MgSQ,, filtered through a 150 mL
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coarse porosity fritted funnel, and the solvent removed. The residue was dissolved in 10 mL
DCM and diluted with 175 mL Et,0 to precipitate a tan solid that was collected on a 30 mL
medium porosity fritted funnel, washed with 2x15 mL Et,0, and discarded. The yellow filtrate
solvent was removed. The residue was dissolved in 2 mL EtOAc, began to precipitate, and 100mL
hexanes was added to aid in precipitation. The solution was cooled to 0 °C for 2 h. A tan-peach
solid was collected on a 30 mL medium porosity fritted funnel, washed with 2x15 mL hexanes,
and placed under vacuum (0.368 g, 0.483 mmol, 48 % yield). 'H NMR (CDCl,, 6): 8.21 (d, J = 2.0,
1H, PzB3), 7.82 (d, J = 2.0, 1H, PzA3), 7.75 (d, J = 2.0, 1H, PzB5), 7.62 (d, J = 2.0, 1H, PzC5), 7.56
(d, J = 2.0, 1H, PzA5), 7.18 (m, 2H, H13), 7.14 (m, 2H, H12), 7.09 (d, J = 2.0, 1H, PzC3), 6.84 (d, J =
3.8, 1H, H4), 6.79 (m, 1H, H14), 6.36 (t, J = 2.0, 1H, PzB4), 6.26 (t, J = 2.0, 1H, PzA4), 6.08 (t, J =
2.0, 1H, PzC4), 4.65 (dd, J = 4.9, 2.7, 1H, H1), 4.15 (m, 1H, H6), 2.80 (ddd, J = 11.6, 3.8, */p, = 11.6,
1H, H8), 2.41 (m, 1H, H9), 2.16 (s, 3H, Amide-Me), 2.03 (m, 1H, H9'), 1.50 (ddd, J = 11.6, 4.9, >Jpy
= 2.5, 1H, H7), 1.27 (d, *Jpy = 8.6, 9H, PMe3), 1.20 (t, J = 7.5, 3H, H10). *C NMR (CDCls, 6): 169.4
(Amide-CO), 152.1 (C11), 144.8 (PzA3), 142.5 (PzB3), 140.1 (PzC3), 136.7 (PzC5), 136.0 (PzB5),
135.0 (PzA5), 128.5/116.4 (C12/C13), 120.5 (C14), 106.8 (PzB4), 106.5 (PzA4), 106.2 (PzC4), 83.7
(C4), 63.8 (C10), 51.3 (C6), 56.6 (d, J = 14.3, C8), 50.0 (C7), 25.2 (C9), 23.7 (Amide-Me), 13.7 (d, J
= 28.8, PMe3), 11.1 (C10). *'P (CDCls, 6): ~-14 (Jywp = 263). IR: Vgy = 2486 cm™, Vamige = 1624 cm ™,
Vno = 1563 cm™. CV (MeCN): E,.=+0.53 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 760.2391
(110.5), 760.2415 (81.2), 3.2; 761.2438 (89.4), 761.2441 (81.2), 0.4; 762.2438 (100), 762.244

(100), 0.3; 763.2459 (60.3), 763.2479 (47.2), 2.6; 764.2467 (95.6), 764.2472 (82.5), 0.7.
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Me;P
TpW(NO)(PMe;)(7,8-n*-(methyl  2-(5-acetyl-2-phenyl-3-oxa-2,5-diazabicyclo[2.2.2]oct-7-en-6-
yl)acetate). 12. DCM (4.12 g) was added to a heterogeneous solution of 5 (0.698 g, 1.006 mmol),
NOB (0.273 g, 0.273 mmol), LiOTf (0.157 g, 1.006 mmol) and MeCN (6.44 g) to make a dark
brown homogeneous solution. After 21 h, the reaction solution was removed from the
glovebox, diluted with 70 mL DCM, extracted with 3x50 mL NaHCO; (saturated, aqueous), back-
extracted with 2x50 mL DCM, dried with MgSQ,, filtered through a 150 mL coarse porosity
fritted funnel, and the solvent removed. The residue was dissolved in 10 mL DCM and diluted
with 175 mL Et,0 to precipitate a tan solid that was collected on a 30 mL medium porosity
fritted funnel, washed with 2x15 mL Et,0, and discarded. The yellow filtrate solved was
removed. The residue was dissolved in 2 mL EtOAc, began to precipitate and 100 mL hexanes
was added to aid in precipitation. The solution was cooled to 0 C for 2 h. A tan-peach solid was
collected on a 30 mL medium porosity fritted funnel, washed with 2x15 mL hexanes, and placed
under vacuum (0.422 g, 0.524 mmol, 52 % yield). "H NMR (CDCls, 6): 8.19 (d, J = 2.0, 1H, PzB3),
8.09 (d, / = 2.0, 1H, PzA3), 7.75 (d, J = 2.0, 1H, PzB5), 7.62 (d, J = 2.0, 1H, PzA5), 7.55 (d, J = 2.0,
1H, PzC5), 7.15 (dd, J = 8.4, 7.4, 2H, H12), 7.08 (d, J = 8.4, 2H, H11), 7.07 (d, J = 2.0, 1H, PzC3),
6.80 (m, 2H, H4+H13), 6.36 (t, J = 2.0, 1H, PzB4), 6.3 (t, J = 2.0, 1H, PzA4), 6.08 (t, J = 2.0, 1H,
PzC4), 4.89 (dd, J = 5.1, 2.5, 1H, H1), 4.74 (dt, J = 10.4, 2.5, 1H, H6), 3.8 (s, 3H, Ester-Me), 3.71
(dd, J = 17.2, 10.4, 1H, H9), 2.95 (dd, J = 17.2, 2.5, 1H, H9'), 2.81 (ddd, J = 11.4, 4.0, *Jpy = 11.9,

1H, H8), 2.16 (s, 3H, Amide-Me), 1.44 (ddd, J = 11.4, 5.1, *Jp = 2.7, 1H, H7), 1.28 (d, *Jpy = 8.5,
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9H, PMe;). *C NMR (CDCl;, 6): 172.9 (Ester-CO), 169.3 (Amide-CO), 151.7 (C10), 145.4 (PzA3),
142.5 (PzB3), 140.0 (pzC3), 136.7 (PzAS5), 136 (PzB5), 134.9 (PzC5), 128.5 (C12), 120.8 (C13),
116.7 (C11), 106.8 (PzA4/PzB4), 106.1 (PzC4), 83.6 (C4), 65.5 (C1), 56.3 (C6), 56.2 (d, Jpc = 14.3,
C8), 51.8 (Ester-Me), 49.4 (C7), 36.6 (C9), 23.4 (Amide-Me), 13.9 (d, “Jpc = 28.8, PMe3). *'P (CDCl,,
8): -14.21 (Jyp = 262). IR: Vgy = 2488 cM™, Vegter = 1729 cM™, Vamige = 1632 cm™, vyo = 1564 cm™. CV
(MeCN): E,, = +0.65 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 804.2314 (91.9), 804.2314
(80.4), 0.0; 805.2336 (89.7), 805.2339 (81.2), 0.4; 806.2329 (100), 806.2339 (100), 1.2; 807.2375

(52.8), 807.2377 (48.1), 0.3; 808.2371 (91.3), 808.2371 (82.4), 0.0.
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TpW(NO)(PMej;)(7,8-n%(1-(-6-allyl-2-phenyl-3-oxa-2,5-diazabicyclo[2.2.2]oct-7-en-5-
yl)ethanone))). 13. DCM (4.14 g) and MeCN (6.49 g) were added to a vial containing 8 (0.672 g,
1.009 mmol), NOB (0.273 g, 2.549 mmol), and LiOTf (0.161 g, 1.032 mmol) to become a
homogenous dark yellow-brown solution. After 13 h, the reaction solution was removed from
the glovebox, diluted with 70 mL DCM, extracted with 3x50 mL NaHCO; (saturated, aqueous),
back-extracted with 2x50 mL DCM, dried with MgSQO,, filtered through a 150 mL coarse porosity
fritted funnel, and the solvent removed. The residue was dissolved in 10 mL DCM and diluted
with 175 mL Et,0 to precipitate a tan solid that was collected on a 30 mL medium porosity
fritted funnel, washed with 2x15 mL Et,0, and discarded. The yellow filtrate solvent was

removed. The residue was dissolved in 2 mL EtOAc, began to precipitate, and 100mL hexanes

was added to aid in precipitation. The solution was cooled to 0 °C for 1 h. A tan-peach solid was
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collected on a 30 mL medium porosity fritted funnel, washed with 2x15 mL hexanes, and placed
under vacuum (0.284 g, 0.367 mmol, 36 % yield). *H NMR (CDCls, 8): 8.17 (d, J = 2.0, 1H, PzB3),
7.74(d,J= 2.0, 1H, PzA3), 7.73 (d, J = 2.0, 1H, PzB5), 7.6 (d, J = 2.0, 1H, PzC5), 7.52 (d, J = 2.0, 1H,
PzA5), 7.15 (dd, J = 8.4, 7.1, 2H, H14), 7.09 (d, J = 8.4, 2H, H13), 7.07 (d, J = 2.0, 1H, PzC3), 6.82
(d, J = 3.9, 1H, H4), 6.77 (m, 1H, H15), 6.34 (t, J = 2.0, 1H, PzB4), 6.23 (t, J = 2.0, 1H, PzA4), 6.06
(m+t, J = 2.0, 2H, PzC4+H10), 5.36 (d, J = 17.1, 1H, H11), 5.29 (d, J = 10.2, 1H, H11"), 4.58 (dd, J =
4.8, 2.6, 1H, H1), 4.28 (ddd, J = 10.5, 3.2, 2.6, 1H, H6), 3.16 (ddd, J = 13.4, 10.5, 9.7, 1H, H9), 2.79
(ddd, J = 11.6, 3.9, *Jpy = 11.6, 1H, H8), 2.76 (m(bur), 1H, H9'), 2.18 (s, 3H, Amide-Me), 1.43 (ddd,
J=11.6,4.8, 2.6, 1H, H7), 1.25 (d, sy = 8.2, 9H, PMe;). *C NMR (CDCls, 8): 169.5 (Amide-CO),
152.1 (C12), 144.9 (PzA3), 142.5 (d, J = 2.2, PzB3), 140.1 (PzC3), 136.8 (PzC5), 136 (PzB5), 135.2
(C10), 135.0 (PzA5), 128.5 (C14), 120.6 (C15), 118.6 (C11), 116.4 (C13), 106.8 (PzB4), 106.6
(PzA4), 106.2 (PzC4), 83.7 (C4), 64.7 (C1), 59.2 (C6), 56.7 (d, 2JPC = 14.8, C8), 49.8 (C7), 37 (C9),
23.7 (Amide-Me), 13.7 (d, YJpc = 28.8, PMes). *'P (CDCls, 8): -14.19 (Jwe = 263). IR: Vg = 2483 cm’™,
Vamide = 1626 cm™, vy = 1563 cm™’. CV (MeCN): E,, = +0.59 V. ESI-MS: obs'd (%), calc'd (%), ppm,
(M+H)*: 772.2401 (78.7), 772.2416 (80.7), 1.9; 773.2425 (76.8), 773.2441 (81.4), 2.0; 774.2436
(100), 774.2441 (100), 0.6; 775.2459 (44.6), 775.2479 (47.8), 2.6; 776.246 (69.7), 776.2473

(82.3), 1.7.

Me,P Tp Hg H1o
TpW(NO)(PMe;)(7,8-n*-(5-acetyl-6-ethyl-2-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-one). 14. A

solution of Ts-ICN (0.256 g, 1.298 mmol) in DCM (3.79 g) was added to a vial containing 3 (0.760
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g, 1.162 mmol) to make a homogenous dark yellow-pink solution. After 66 minutes, the reaction
solution was removed from the glovebox, transferred to a 500 mL round bottom, diluted with
12 mL DCM, followed by 375 mL Et,0 to precipitate a tan solid. The solution was cooled to 0 C
for ~0.5 h. The precipitate was collected on a 60 mL medium porosity fritted funnel, washed
with 2x15 mL Et,0 and transferred to the 500 mL round bottom flask. The solid was dissolved in
12 mL DCM and diluted with 180 mL of hexanes. The solution was cooled to 0 °C for ~1 h and
the tan precipitate was collected on a fresh 60 mL medium porosity fritted funnel, washed with
2x30 mL hexanes and placed under vacuum (0.834 g, 0.980 mmol, 84 % yield). '"H NMR (CDCls,
5): 8.08 (d, J = 2.0, 1H, PzB3) 7.83 (d, J = 8.4, 2H, H12), 7.67 (d, J = 2.0, 2H, PzA3/PzB5), 7.63 (d, J
=2.0, 1H, PzC5), 7.52 (d, J = 2.0, 1H, PzA5), 7.13 (d, J = 8.4, 2H, H13), 7.01 (d, J = 2.0, 1H, PzC3),
6.26 (t, J = 2.0, 1H, PzB4), 6.21 (t, J = 2.0, 1H, PzC4), 6.09 (t, J = 2.0, 1H, PzA4), 5.42 (d, J = 2.9, 1H,
H4), 5.23 (dd, /= 4.9, 1.6, 1H, H1), 4.12 (ddd, J = 10.6, 2.1, 1.6, 1H, H6), 2.41 (ddd, J = 11.7, 2.9,
3Jow = 11.7, 1H, H8), 2.30 (s, 3H, Ts-Me), 2.10 (s, 3H, Amide-Me), 2.00 (ddd, J = 11.7, 4.9, 2.8, 1H,
H7), 1.76/1.47 (m, 2H, H9/H9'"), 1.17 (d, s = 8.8, 9H, PMe;), 1.13 (t, J = 6.6, 3H, H10). *C NMR
(CDCls, 6): 172.4 (C3) 171.3 (Amide-CO), 145.2 (PzA3), 144.7/136.6/136.5 (C11/C14/PzB5), 142.7
(PzB3), 140.4 (PzC3), 137.1 (PzC5), 136.6 (PzB5), 135.2 (PzA5), 129.8 (C12), 128.6 (C13), 107
(PzB4), 106.8 (PzC4) 106.3 (PzA4), 65.2 (C1), 62.8 (C6), 59.3 (C7), 58.3 (C4), 58.2 (d, *Jpc = 12.8,
C8), 26 (C9), 24.3 (Amide-Me), 21.8 (Ts-Me), 13.4 (d, “Jpc = 30.2, PMe;), 10.4 (C10). *'P NMR
(CDCls, 8): -13.54 (Jwp= 261). IR: vgy = 2495 cm™, 1712 cm™, 1620 cm™, vyyo = 1562 cm™, 1408 cm’
', 1165 cm™, 1049 cm™. CV (DMA): E,, = +1.08 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)":
850.2173 (88), 850.2191 (76.7), 2.2; 851.2227 (69.7), 851.2216 (79.4), 1.3; 852.2187 (100),
852.2214 (100), 3.2; 853.2228 (40.3), 853.2248 (51), 2.3; 854.2235 (79.5), 854.2245 (83.6), 1.1.
Anal. Calc’d for C,gH39BNgOsPSW2/3-hexanes: C, 43.61; H, 5.36; N, 13.87; Found: C, 43.69; H,

5.03; N, 13.59.
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TpW(NO)(PMe;)(7,8-n*-(methyl 2-(2-acetyl-6-oxo-5-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-
yl)acetate). 15. A solution of Ts-ICN (0.248 g, 1.258 mmol) in DCM (3.37 g) was added to a vial
containing 5 (0.750 g, 1.074 mmol) to make a homogeneous orange-pink solution. After 1 h 45
min, the solution was removed from the glovebox, transferred to a 500 mL round bottom flask
with 12 mL DCM and slowly diluted with 380 mL Et,0. The solution was cooled in a 0 °C bath for
~0.5 h. The precipitate collected on a 30 mL medium porosity fritted funnel, washed with 2x15
mL Et,0. The precipitate was dissolved in 12 mL DCM and slowly diluted with 380 mL hexanes.
The solution was cooled to 0 °C for 0.5 h, and the yellow-tan precipitate was collected on a 30
mL medium porosity fritted funnel, washed with 2x15 mL hexanes, and placed under vacuum
(0.646 g, 0.721 mmol, 67 % yield). "H NMR (CDCls, &): 8.10 (d, J = 2.0, 1H, PzA3) 8.07 (d, J = 2.0,
1H, PzB3), 7.82 (d, J = 8.4, 2H, H11), 7.67 (d, J = 2.0, 1H, PzB5), 7.63 (d, J = 2.0, 1H, PzC5), 7.51 (d,
J=2.0, 1H, PzA5), 7.12 (d, J = 8.4, 2H, H12), 6.96 (d, J = 2.0, 1H, PzC3), 6.26 (m, 2H, PzA4/PzB4),
6.07 (t, J = 2.0, 1H, PzC4), 5.42 (d, J = 3.0, 1H, H1), 5.33 (dd, J = 5.0, 1.5, 1H, H4), 4.80 (ddd, J =
10.6, 2.7, 1.5, 1H, H3), 3.72 (s, 3H, Ester-Me) 2.77 (dd, J = 18.0, 2.7, 1H, H9), 2.67 (dd, J = 18.0,
10.6, 1H, H9'), 2.39 (ddd, J = 11.6, 3.0, *Jpy = 11.8, 1H, H7), 2.29 (s, 3H, Ts-Me), 2.00 (s, 3H,
Amide-Me), 1.73 (ddd, J = 11.6, 5.0, *Jpy = 2.7, 1H, H8), 1.09 (d, *Jpy = 8.8, 9H, PMe3). °C NMR
(CDCl5, 6): 172.3 (C6) 171.5 (Ester-CO), 171.2 (Amide-CO), 146.0 (PzA3), 144.7/136.4/136.4
(C10/C13/PzB5), 142.6 (PzB3), 140.2 (PzC3), 138 (C13), 137 (PzC5), 135.1 (PzA5), 129.4 (C12),

128.6 (C11), 107 (PzA4/PzB4) 106.2 (PzC4), 66.9 (C4), 58.9 (C8), 58.3 (C1), 57.4 (d, Ypc = 16.5,
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C7), 57.3 (C3), 52.1 (Ester-Me), 37.3 (C9), 24.2 (Amide-Me), 21.8 (Ts-Me), 13.4 (d, Jpc = 30.1,
PMes). *'P NMR (CDCls, 8): -13.56 (Jwp= 259). CV (DMA): E,, = +1.11 V. IR: vy = 2488 cm™, 1720
cm™, 1631 (br) cm™, vyo = 1566 cm™, 1408 cm™, 1308 cm™, 1156 cm™, 1053 cm™. ESI-MS: obs'd
(%), calc'd (%), ppm, (M+H)": 894.2085 (67), 894.209 (76), 0.5; 895.2112 (74.1), 895.2114 (79.3),
0.2; 896.2109 (100), 896.2113 (100), 0.4; 897.213 (44.7), 897.2146 (51.9), 1.8; 898.2135 (72.5),
898.2143 (83.6), 0.9. Anal. Calc’d for CsoH39BNsO,PSW'1/6-hexanes: C, 40.93; H, 4.58; N, 13.86;

Found: C, 40.78; H, 4.49; N, 13.67.
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TpW(NO)(PMe;)(7,8-n*-(5-acetyl-6-allyl-2-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-0one). 16. A
solution of Ts-ICN (0.103 g, 0.522 mmol) in DCM (1.44 g) was added to a vial containing 8 (0.302
g, 0.453 mmol) to become a homogeneous pinkish solution. After 95 min, the reaction solution
was removed from the glovebox, transferred to a 200 mL round bottom flask, diluted with DCM
(~5 g) then 150 mL Et,0. The solution was cooled to 0 °C for ~1 h. The precipitate was collected
on a 30 mL medium porosity fritted funnel, washed with 2x15 mL Et,0. The precipitate was
redissolved in 5 mL DCM and slowly diluted with 75 mL hexanes, cooled to 0 °C for ~1 h,
collected on a 30 mL medium porosity fritted funnel, washed with 2x15 mL hexanes, and placed
under vacuum (0.313 g, 0.363 mmol, 80 % vyield). 'H NMR (CDCls, 6): 8.17 (d, J = 2.0, 1H, PzB3)
7.92(d,J=7.7,2H, H13), 7.76 (d, / = 2.0, 1H, PzB5), 7.72 (m, 2H, PzA3/PzC5), 7.6 (d, J = 2.0, 1H,
PzC3),7.21 (d, J = 7.7, 2H, H14), 7.07 (d, J = 2.0, 1H, PzA5), 6.36 (t, J = 2.0, 1H, PzB4), 6.28 (t, J =

2.0, 1H, PzC4), 6.17 (t, J = 2.0, 1H, PzA4), 6.06 (m, 1H, H10), 5.52 (d, J = 3.0, 1H, H4), 5.39 (d, J =
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17.1, 1H, H11), 5.32 (d, J = 10.3, 1H, H11') 5.28 (d, J = 4.6, 1H, H1), 4.37 (dt, J = 10.4, 2.1, 1H, H6),
2.59 (dd, J = 14.5, 6.7, 1H, H9), 2.47 (ddd, J = 11.8, 3.1, *Jp; = 11.8, 1H, H8), 2.43 (buried, 1H, H9"),
2.39 (s, 3H, Ts-Me), 2.15 (s, 3H, Amide-Me), 1.92 (ddd, J = 11.8, 4.6, *Jpy = 2.8, 1H, H7), 1.17 (d,
’Jow = 8.9, 9H, PMe;). *C NMR (CDCl;, 6): 172.4 (C3) 171.3 (Amide-CO), 145.2 (PzA3),
144.6/137.1/136.6/134.6 (C12/C15/PzC5/PzB5), 142.7 (PzB3), 140.3 (PzA5), 135.2 (PzC3), 133.4
(C10), 129.3 (C14), 128.7 (C13), 119.6 (C11), 107 (PzB4), 106.8 (PzC4) 106.2 (PzA4), 65.8 (C1),
61.3 (C6), 59.3 (C7), 58.3 (C4), 58.1 (d, “Jpc = 16.3, C8), 37.2 (C9), 24.4 (Amide-Me), 21.8 (Ts-Me),
13.4 (d, e = 29.3, PMe;). *'P NMR (CDCls, 8): -13.54 (Jwp = 259). IR: vgy = 2492 cm™, v = 1712
cm?, v=1631cm™, vyo = 1566 cm™, v = 1165 cm™, v = 1049 cm™. CV (DMA): £, , = +1.03 V. ESI-
MS: obs'd (%), calc'd (%), ppm, (M+H)*: 862.2193 (66.6), 862.2191 (76.2), 0.2; 863.2219 (80),
863.2216 (79.5), 0.4; 864.2204 (100), 864.2214 (100), 1.2; 865.2244 (49.6), 865.2248 (51.7), 0.5;

866.2233 (76.2), 866.2245 (83.4), 1.4.
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TpW(NO)(PMe;)(7,8-n*-(5-acetyl-2-tosyl-6-((trimethylsilyl)ethynyl)-2,5-diazabicyclo[2.2.2]oct-

7-en-3-one). 17. A solution of Ts-ICN (0.087 g, 0.441 mmol) was dissolved in DCM (1.0 g) and
added to a vial containing 6 (0.300 g, 0.415 mmol) to make a homogeneous yellow-orange
solution. After 2.5 h, a solid was present in the reaction vessel. After an additional 5 h, the
reaction solution was decanted from the solid. The solid that precipitated in the reaction vessel
was transferred to a 200 mL round bottom flask with 2 mL THF and 10 mL DCM. The solvent was

concentrated to <1 mL, diluted with 4 mL DCM, then diluted with 100 mL hexanes to precipitate
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a white solid. The solution was cooled to 0 °C for 0.5 h. The precipitate was collected on a 15 mL
medium porosity fritted funnel, washed with 2x15 mL hexanes, and placed under vacuum (0.145
g, 0.158 mmol, 38 % yield). ‘*H NMR (CDCls, 6): 8.07 (d, J = 2.0, 1H, PzB3) 7.87 (d, J = 8.1, 2H,
H12), 7.78 (d, J = 2.0, 1H, PzA3), 7.67 (d, J = 2.0, 1H, PzB5), 7.62 (d, J = 2.0, 1H, PzC5), 7.51 (d, J =
2.0, 1H, PzA5), 7.11 (d, J = 8.1, 2H, H13), 6.99 (d, J = 2.0, 1H, PzC3), 6.27 (t, J = 2.0, 1H, PzB4),
6.22 (t,J=2.0, 1H, PzA4), 6.08 (t, J = 2.0, 1H, PzC4), 5.42 (d, J = 3.1, 1H, H4), 5.36 (dd, / = 4.9, 1.9,
1H, H1),5.11 (d, J = 1.9, 1H, H6) 2.41 (ddd, J = 11.7, 3.1, *Jp; = 11.8, 1H, H8), 2.29 (s, 3H, Ts-Me),
2.17 (s, 3H, Amide-Me), 1.77 (ddd, J = 11.7, 4.8, 3JPH = 2.8, 1H, H7), 1.07 (d, e = 8.7, 9H,
PMes), 0.12 (s, 9H, TMS). *C NMR (CDCl;, §): 172.0 (C3) 171.6 (Amide-CO), 145.7 (PzA3),
144.2/137.4 (C11/C14), 142.9 (PzB3), 140.4 (PzC3), 137.2 (PzC5), 136.5 (PzB5), 135.3 (PzA5),
129.2 (C13), 128.7 (C12), 107.1 (PzB4), 106.8 (PzA4) 105.3 (PzC4), 103..0 (C9), 90.4 (C10), 67.4
(C1), 58.1 (d, “Jpc = 2.0, C7), 57.9 (d, *Jpc = 16.3, C8), 57.7 (C4), 54.3 (C6), 23.8 (Ts-Me), 21.8
(Amide-Me), 13.4 (d, YJpc = 29.1, PMe3), -0.13 (TMS). *'P NMR (CDCls, 8): -13.34 (Jyp = 258). CV
(DMA): E,, = +1.08 V. IR: Vg, = 2488 cm™, Voyne = 2183 (weak) cm™, v = 1720 cm™, v = 1639 (br)
ecm™, Vo = 1566 cm™, v = 1408 cm™, v = 1169 cm™, v = 1053 cm™. ESI-MS: obs'd (%), calc'd (%),
ppm, (M+H)": 918.2277 (75.7), 918.2274 (71.3), 0.3; 919.2299 (82.5), 919.2297 (78.9), 0.2;
920.2304 (100), 920.2296 (100), 0.9; 921.231 (61.1), 921.2324 (57.0), 1.6; 922.2329 (88.5),

922.2325 (83.7), 0.4.

TpW(NO)(PMe;)(4,5-n*-(1-acetyl-6-ethyl-N-tosyl-1,6-dihydropyridine-2-carboxamide)). 18.

Acetic acid (1.75 g; glacial) was added to a homogeneous pink-yellow solution of 14 (0.750 g,
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1.147 mmol) in DCM (4.93 g). After 5 h, the reaction solution was removed from the glovebox,
diluted with 50 mL DCM, carefully extracted with 3x20 mL NaHCO; (saturated, aqueous), back-
extracted with 2x20 mL DCM, dried with MgSQ,, filtered through a 150 mL coarse porosity
fritted funnel, then a 30 mL medium porosity fritted funnel, and the solvent removed. The
precipitate was removed from the wall of the flask with 8 mL DCM and further precipitated with
200 mL hexanes. The yellow solid was collected on a 30 mL medium porosity fritted funnel,
washed with 2x15 mL hexanes, and placed under vacuum (0.656 g, 1.003 mmol, 87 % yield). H
NMR (CDCls, 6): 8.53 (d, J = 2.0, 1H, PzA3), 8.00 (d, J = 8.3, 2H, H10), 7.96 (d, J = 2.0, 1H, PzB3),
7.73 (d, J = 2.0, 1H, PzC5), 7.68 (d, J = 2.0, 1H, PzB5), 7.57 (d, J = 2.0, 1H, PzA5), 7.46 (d, J = 6.8,
1H, H3), 7.31 (d, J = 8.3, 2H, H11), 7.25 (d, J = 2.0, 1H, PzC3), 6.24 (m, 3H, PzA4+PzB4+PzC4), 5.54
(t(br), 1H, H6), 2.79 (ddd, J = 9.8, 6.8, *Jp = 12.6, 1H, H4), 2.42 (s, 3H, Ts-Me), 1.81 (d, J = 9.8, 1H,
H5), 1.75 (s, 3H, Amide-Me), 1.53 (m, 1H, H7), 1.37 (m, 1H, H7'), 1.20 (d, sy = 8.4, 9H, PMe3),
0.93 (t, J = 7.4, 3H, H8). *C NMR (CDCl5, §): 171.6 (Amide-CO), 163.1 (Ts-Amide-CO), 145.6
(PzA3), 144.7/136.3/136.3 (C9+PzB4+C12), 142.7 (PzB3), 139.9 (PzC3), 138.8 (C3), 136.8 (PzC5),
135.5 (PzAS5), 129.5 (C11), 128.5 (C10), 107.0/106.6/106.3 (PzA4+PzB4+PzC4), 70.0 (C5), 51.4
(C6), 46.9 (d, %Jpc = 8.7, C4), 30.5 (C7), 25.2 (Amide-Me), 21.8 (Ts-Me), 13.9 (d, Jpc = 28.6, PMe3),
11.9 (C10). *'P NMR (CDCls, 8): -13.02 (Jwp = 271). IR: Vg = 2492 cm™, v = 1682 cm™, v = 1630 cm’
L, v=1589 cm™, vyo = 1570 cm™, v = 1408 cm™, v = 1049 cm™. CV (MeCN): £, , = +0.80 V. ESI-MS:
obs'd (%), calc'd (%), ppm, (M+H)": 850.2156 (88.4), 850.2191 (76.7), 4.1; 851.2202 (72.5),
851.2216 (79.4), 1.6; 852.2216 (100), 852.2214 (100), 0.2; 853.225 (59.5), 853.2248 (51.0), 0.3;
854.2235 (72.1), 854.2245 (83.6), 1.2. Anal. Calc’d for C,9H39BNgOsPSW'CH,Cl,: C, 38.48; H, 4.41;

N, 13.46; Found: C, 38.31; H, 4.55; N, 13.68.
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TpW(NO)(PMe;)(3,4-n*-(methyl-2-(1-acetyl-6-(tosylcarbamoyl)-1,2-dihydropyridin-2-

yl)acetate). 19. A solution of Ts-ICN (0.039, 0.195 mmol) in DCM (0.59 g) was added to a vial
containing 5 (0.126 g, 0.183 mmol) to make a homogeneous dark yellow solution. After 3.5 h,
the reaction solution was removed from the glovebox, transferred to a 250 mL round bottom
flask with 2x1 mL DCM, and slowly diluted with 50 mL Et,0. The solution was cooled to 0 °C for 1
h. The fine tan precipitate was collected on a 15 mL medium porosity fritted funnel, washed
with 2x7 mL Et,0, and placed under vacuum. Outside of the glovebox, the isolated material was
dissolved in DCM (0.84 g) followed by acetic acid (0.29 g, glacial) to make a heterogeneous
solution. DCM (0.31 g) was added to the solution to redissolve the precipitate to make a
homogeneous dark yellow solution. After 3.5 h, the reaction solution was diluted with 25 mL
DCM, extracted with 3x25 mL NaHCO; (saturated, aqueous), back-extracted with 2x15 mL DCM,
dried with MgSO,, filtered through a 60 mL coarse porosity fritted funnel, then a 30 mL medium
porosity fritted funnel, and the filtrate solvent removed in vacuo. The residue was dissolved in 2
mL DCM, then diluted with 2 mL EtOAc, and 75 mL hexanes to precipitate a tan-yellow solid that
was cooled to 0 °C for 0.5 h. The precipitate was collected on a 15 mL medium porosity fritted
funnel, washed with 2x7 mL hexanes and placed under vacuum (0.093 g, 0.105 mmol, 57 %
yield). *H NMR (CDCls, &): 10.88 (s, 1H, NH), 8.42 (d, J = 2.0, 1H, PzA3), 8.02 (d, J = 8.5, 2H, H9),
7.96 (d, J = 2.0, 1H, PzB3), 7.74 (d, J = 2.0, 1H, PzC5), 7.68 (d, J = 2.0, 1H, PzB5), 7.58 (d, J = 2.0,
1H, PzA5), 7.35 (d, J = 6.9, 1H, H5), 7.31 (d, J = 8.5, 2H, H10), 7.23 (d, J = 2.0, 1H, PzC3), 6.27 (t, J

= 2.0, 1H, PzA4), 6.25 (t, J = 2.0, 1H, PzB4), 6.23 (t, J = 2.0, 1H, PzC4), 5.99 (m, 1H, H2), 3.78 (s,
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3H, Ester-Me), 2.72 (ddd, J = 9.7, 6.9, *Jpy = 12.2, 1H, H4), 2.42 (s, 3H, Ts-Me), 2.35 (m, 2H,
H7/H7'), 1.95 (s, 3H, Amide-Me), 1.67 (d, J = 9.6, 1H, H3), 1.23 (d, 2Jpy = 8.3, 9H, PMe;). °C NMR
(CDCls, 8): 174.9 (Ester-CO), 171.6 (Amide-CO), 164.4 (Ts-Amide-CO), 145.4 (PzA3), 144.4/136.8
(C8/C11), 143.1 (PzB3), 140 (PzC3), 138.0 (C5), 137.0 (PzC5), 136.4 (PzB5), 135.6 (PzA5), 129.5
(C10), 128.7 (C9), 123.3 (C6), 106.8 (Tp4), 106.6 (Tp4), 106.4 (Tp4), 68.4 (C3), 53.0 (Ester-Me),
48.1 (C2), 46.2 (d, “Jpc = 9.5, C4), 41.6 (C7), 25.0 (Amide-Me), 21.8 (Ts-Me), 13.8 (d, *Jpc = 28.7,
PMes). *'P NMR (CDCls, 8): -13.07 (Jwp = 272). CV (MeCN): E,, = +0.88 V. IR: v = 2485 cm™, v =
1739 (w) cm™, v=1689 cm™, v = 1651 (br) cm™, v=1593 cm™, v=1570 cm™, v= 1408 cm™, v =
1053 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 894.2077 (74.1), 894.209 (76), 1.4;
895.2081 (73.5), 895.2114 (79.3), 3.7; 896.2102 (100), 896.2113 (100), 1.2; 897.2105 (51.0),

897.2146 (51.9), 4.5; 898.2129 (77.5), 898.2143 (83.6), 1.6.

Me3P

TpW(NO)(PMe;)(4,5-n*-(1-acetyl-6-ethyl-N-(2,2,2-trichloroacetyl)-1,6-dihydropyridine-2-

carboxamide)). 21. A solution of TCA-ICN (0.025 g, 0.134 mmol) in CDCI3 (1.02 g) was added to a
vial containing 3 (0.075 g, 0.115 mmol) to make a homogeneous yellow solution that was
transferred to an NMR tube. After 2 h, the reaction solution was transferred to a 125 mL
Erlenmeyer flask with 2x1 mL DCM and diluted with 50 mL Et,0 to precipitate a purple-brown
material that was collected on a 15 mL medium porosity fritted funnel and washed with 2x15 mL
Et,0. The precipitate was discarded and the filtrate solvent removed in vacuo. The residue was
dissolved in 1 mL DCM, diluted with 1 mL EtOAc, and diluted with 50 mL hexanes to precipitate a

bright yellow solid that was collected on a fresh 15 mL medium porosity fritted funnel, washed
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with 2x7 mL hexanes, and placed under vacuum (0.045 g, 0.054 mmol, 47 % yield). 'H NMR
(CDCl5, 6): 8.98 (d, J = 2.0, 1H, NH), 8.60 (d, J = 2.0, 1H, PzA3), 8.04 (d, J = 2.0, 1H, PzB3), 7.76 (d,
J=2.0,1H, Tp5), 7.71 (d, J = 2.0, 1H, Tp5), 7.68 (d, J = 6.9, 1H, H3), 7.6 (d, J = 2.0, 1H, Tp5), 7.32
(d, J=2.0, 1H, PzC3), 6.27/6.28 (t, J = 2.0, 3H, Tp4/Tp4/Tp4), 5.67 (m, 1H, H6), 2.87 (ddd, J = 9.5,
6.9, 3JPH = 12.1, 1H, H4), 2.19 (s, 3H, Amide-Me), 1.93 (d, /= 9.5, 1H, H5), 1.57 (m, 1H, H7), 1.47
(m, 1H, H7'), 1.29 (d, 2JPH = 8.2, 9H, PMes), 0.99 (t, J = 7.4, 3H, H8). >C NMR (CDCl;, 6): 172.1
(N1-Amide-CO), 162.6 (N2-Amide-CO), 157.7 (Amide-CO), 145.5 (PzA3), 142.9 (PzB3+C3), 140.0
(PzC3), 137 (Tp5), 136.4 (Tp5), 133.6 (Tp5), 123.6 (C2), 106.7 (Tp4+Tp4), 106.4 (Tp4), 92.6 (CCI3),
71.0 (C5), 51.9 (C6), 47.7 (d, “Jpc = 8.7, C4), 30.5 (C7), 25.6 (Amide-Me), 14.1 (d, “Jpc = 28.7,
PMes), 12.3 (C8). **P NMR (CDCls, 8): -13.07 (Jwp = 271). CV (MeCN): E,, = +0.84 V, E,. = -1.05 V.
IR: vgy = 2488 cm™, v=1763 cm™, v=1682 cm™, v=1631cm™, v=1581 cm™, v= 1560 cm™, v =
1554 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)": 862.0851 (50.2), 862.0858 (40.6), 0.8;
863.0891 (55.6), 863.0878 (47.4), 1.4; 864.0856 (91.0), 864.0858 (87.7), 0.2; 865.0879 (61.7),
865.0877 (62.5), 0.2; 866.0857 (100), 866.0871 (100), 1.6; 867.0897 (49.1), 867.0885 (45.0), 1.3;

868.0849 (51.2), 868.0869 (57.3), 2.2; 869.0891 (18.7), 869.0887 (19.3), 0.5.

TpW(NO)(PMe;)(3,4-n*-(1-acetyl-N?,N°-bis(2,2,2-trichloroacetyl)-1,2-dihydropyridine-2,6-

dicarboxamide)). 23. A solution of TCA-ICN (0.055 g, 0.300 mmol) in CDCI3 (1.06 g) was added to
a vial containing 2 (0.075 g, 0.120 mmol) to become homogeneous tan solution that became
bright yellow over the next several minutes. After 45 minutes the bright yellow reaction solution

was transferred to 50 mL of stirring Et,0 to make a yellow solution. The solvent was removed in
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vacuo and the residue dissolved in ~0.5 mL DCM, then ~0.5 mL EtOAc, and diluted with 50 mL
hexanes to precipitate a bright yellow solid that was collected on a 15 mL medium porosity
fritted funnel, washed with 2x7 mL hexanes, and placed under vacuum (0.084 g, 0.084 mmol, 70
% yield). "H NMR (CDCls, 6): 10.46 (s, 1H, NH), 8.62 (s, 1H, NH), 8.2 (d, J = 2.0, 1H, PzA3), 8.01 (d,
J=2.0, 1H, PzB3), 7.84 (d, J = 7.8, 1H, H5), 7.78 (d, J = 2.0, 1H, PzC5), 7.77 (d, J = 2.0, 1H, PzB5),
7.58 (d, J = 2.0, 1H, PzA5), 7.53 (d, J = 2.0, 1H, PzC3), 6.38 (s, 1H, H2), 6.35 (t, J = 2.0, 1H, PzB4),
6.31 (t, /= 2.0, 1H, PzC4), 6.20 (t, J = 2.0, 1H, PzA4), 4 (dd, J = 9.4, *Jpy = 10.4, 1H, H3), 2.22 (s, 3H,
Amide-Me), 2.01 (ddd, J = 9.4, 7.8, *Jpy = 1.0, 1H, H4), 1.28 (d, Jp = 8.4, 9H, PMe;). *C NMR
(CDCl3, 6): 174.1 (N2-Amide-CO), 173.3 (N1-Amide-CO), 163.6 (N6-Amide-CO), 159.3 (Amide-
CO), 158.7 (Amide-CO), 150.5 (C5), 147.6 (PzA3), 143.4 (PzB3), 140.5 (PzC3), 137.2/136.9
(PzB5/PzC5), 135.5 (PzA5), 120.9 (C6), 107.2 (PzB4), 106.7/106.5 (PzA4/PzC4), 92.5 (CCI3), 92.3
(CCI3'), 67.5 (d, Ypc = 15.1, C3), 59.1 (C2), 49.1 (C4), 25.9 (Amide-Me), 13.2 (d, Ypc = 29.2, PMe).
*'P NMR (CDCls, 8): -9.34 (Jwp = 273). CV (MeCN): E,, = +0.99 V, E, .= -1.08 V. IR: vg, = 2488 cm ™,
v=1778 (br) cm™, v = 1666 (br) cm™, v = 1593 (br) cm™, v = 1477 cm™. ESI-MS: obs'd (%), calc'd
(%), ppm, (M+Na)": 1020.9537 (20.7), 1020.9539 (20.6), 0.2; 1021.9552 (33.5), 1021.9556 (28.3),
0.4; 1022.9532 (72.9), 1022.9531 (64.3), 0.1; 1023.9534 (52.3), 1023.9546 (56.7), 1.1; 1024.9525
(100), 1024.9531 (100), 0.6; 1025.9532 (67.0), 1025.954 (61.9), 0.7; 1026.9517 (96.0), 1026.9526
(92.6), 0.9; 1027.9525 (38.8), 1027.9535 (43.4), 1.0; 1028.9511 (47.1), 1028.9515 (53.5), 0.3;

1029.9514 (20.6), 1029.9527 (20.5), 1.2; 1030.9491 (20.4), 1030.95 (19.7), 0.9.
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TpW(NO)(PMe;)(4,5-n*-(1-acetyl-N-(2,2,2-trichloroacetyl)-1,6-dihydropyridine-2-

carboxamide)). 24. TCA-ICN (0.020 g, 0.11 mmol) was added to a vial containing a
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heterogeneous pale yellow solution of 2 (0.011 g) and CDCl; (1.00 g) to make a bright yellow
solution. The heterogeneous solution was transferred to an NMR tube and sonicated for about 1
minute to help dissolve 2. The reaction was complete at 8 min (the time the sample arrived at
the NMR spectrometer) and 2D NMR experiment data was collected. "H NMR (CDCls, 6): 8.80 (s,
1H, NH), 8.14 (d, J = 2.0, 1H, PzA3), 8.02 (d, J = 2.0, 1H, PzB3), 7.85 (d, /= 7.4, 1H, H3), 7.76 (d, J =
2.0, 1H, PzC5), 7.75 (d, J = 2.0, 1H, PzB5), 7.57 (d, J = 2.0, 1H, PzA5), 7.41 (d, J = 2.0, 1H, PzC3),
6.33 (t, J = 2.0, 1H, PzB4), 6.27 (t, J = 2.0, 1H, PzC4), 6.22 (t, J = 2.0, 1H, PzA4), 5.67 (d, J = 13.1,
1H, H6), 4.53 (ddd, J = 13.1, 3.1, 1.5, 1H, H6'), 3.28 (ddd, /s = 11.2, J = 9.5, 3.1, 1H, H5), 2.14 (s,
3H, Amide-Me), 1.96 (dd, J = 9.5, 7.4, 1H, H4), 1.24 (d, Ypy = 8.6, 9H, PMe;). >C NMR (CDCls, 8):
171.6 (HMBC), 162.0 (HMBC), 149.0 (C3), 146.8 (PzA3), 143.1 (PzB3), 140.1 (PzC3), 137.1+136.6
(PzC4+PzB5), 135.3 (PzA5), 123.8 (C2), 106.9 (PzB4), 106.5+106.5 (PzC4+PzA4), 92.6 (CCls), 68.3
(d, Ypc = 14.7, C5), 49.7 (C4), 45.4 (C6), 25.4 (Amide-Me), 13.4 (d, Jpc = 28.7, PMes). *'P (CDCl;,
8): -9.24 (Jyp = 276). CV (DMA): £,, = + 0.76 V.. IR: vy = 2496 cm™, v=1753 cm™, v=1676 cm™, v
=1640 cm™, v=1622 cm™, v = 1578 cm™, v = 1550 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M-
H)*: 810.0571 (81.4), 810.0569 (41.0), 0.4; 811.0578 (90.1), 811.0589 (47.2), 1.4; 812.0581
(42.4), 812.0569 (87.9), 1.5; 813.0602 (100), 813.0587 (61.4), 1.8; 814.0589 (69.3), 814.0582

(100), 0.9; 815.0593 (79.5), 815.0595 (43.4), 0.2; 816.0616 (39.2), 816.0579 (57.1), 4.5.
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TpW(NO)(PMe;)(4,5-n*(1-acetyl-2-ethyl-6-(tosylcarbamoyl)piperidin-4-ylium)(OTf). 25. A
solution of HOTf (0.021 g, 0.138 mmol) in MeCN (0.80 g) was added to a vial containing 14
(0.101 g, 0.119 mmol) to make a deep yellow homogeneous solution. After 9 minutes, the
reaction solution was added to 50 mL of stirring Et,0 to precipitate a tan solid and was allowed
to stir for 1.5 h. The precipitate was collected on a 15 mL medium porosity fritted funnel,
washed with 2x7 mL Et,0, and placed under vacuum (0.104 g, 0.104 mmol, 88 % vyield). 'H NMR
(CDsCN, 6): 9.92 (s(br), 1H, NH) 8.36 (d, J = 2.0, 1H, PzB3), 8.14 (d, J = 2.0, 1H, PzA3), 8.06 (d, J =
2.0, 1H, PzC5), 8.02 (d, / = 2.0, 1H, PzC3), 7.97 (d, J = 2.0, 1H, PzB5), 7.9 (d, /= 8.7, 2H, H10), 7.84
(d, J = 2.0, 1H, PzA5), 7.46 (d, J = 8.7, 2H, H11), 6.56 (t, J = 2.0, 1H, PzC4), 6.53 (t, J = 2.0, 1H,
PzB4), 6.36 (m, 2H, H3/PzA4), 5.36 (d, J = 1.5, 1H, H6), 5.31 (t, J = 7.7, 1H, H4) 5.02 (m, 1H, H2),
4.11 (dddd, J = 7.7, 1.5, 3Jyy = 1.9, *Jpy = 13.5, 1H, H5), 2.47 (s, 3H, Ts-Me), 2.20 (s, 3H, Amide-
me), 1.25 (m, 2H, H7/H7"), 1.17 (d, Ysy = 10.0, 9H, PMe;), 0.85 (t, J = 7.5, 3H, H8). *C NMR
(CD5CN, 8): 174.7 (Amide-CO) 171.0 (Ts-Amide-CO), 149.1 (PzA3), 146.8/136.4 (C9/C12), 145.4
(PzB3), 143.5 (PzC3), 140.0 (PzA5), 139.9 (PzC5), 139.8 (PzB5), 130.8 (C3), 130.7 (C11), 129.2
(C10), 109.6 (PzB4) 109.2 (PzC4), 108.4 (PzA4), 98.5 (d, “Jpc = 3.4, C4), 63.3 (d, Jpc = 14.9, C5),
57.7 (C2), 54.6 (C6), 32.8 (C7), 22.9 (Amide-Me), 21.7 (Ts-Me), 13.0 (d, “Jpc = 33.4, PMe;), 10.6
(C8). *'P NMR (CDCls, 8): -7.55 (Jwp = 255), -7.31 (rotamer; 5:1). IR: vgy = 2507 cm™, Vamige = 1720
cM™, Vamidesvo = 1651 cm™. CV (MeCN): E,, = +2.13 V, E,. = -0.79 V. obs'd (%), calc'd (%), ppm,
M*: 850.2184 (84.0), 850.2191 (76.7), 0.9; 851.2211 (78.6), 851.2216 (79.4), 0.6; 852.2207 (100),

852.2214 (100), 0.8; 853.2245 (50.7), 853.2248 (51), 0.3; 854.2236 (83.8), 854.2245 (83.6), 1.0.
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TpW(NO)(PMe;)(3,4-n*-(1-acetyl-6-(tosylcarbamoyl)-1,2,3,6-tetrahydropyridin-3-ylium)][OTf].

26. A solution of Ts-ICN (0.255 g, 1.293 mmol) in DCM (1.88 g) was added to a vial containing 2
(0.756 g, 1.207 mmol) in DCM (1.84 g) to make a dark yellow homogeneous solution. After 8
minutes, a solution of HOTf (0.202 g, 0.743 mmol) in MeCN (1.4 g) was additionally added to the
vial. After 5 minutes the reaction solution was diluted with 4 mL MeCN and slowly added to 625
mL of stirring Et,0 to precipitate a tan solid. The precipitate was collected on a 30 mL medium
porosity fritted funnel, washed with 2x15 mL Et,0, and placed under vacuum (1.077g, 1.106
mmol, 92 % vield). *H NMR (CDCls, 6): 9.73 (s, 1H, NH), 8.35 (d, J = 2.0, 1H, PzB3), 8.16 (d, J = 2.0,
1H, PzA3), 8.05+8.00+7.97 (d, J = 2.0, 3H, PzC3+PzC5+PzB5), 7.89 (d, J = 8.1, 2H, H8), 7.83 (d, J =
2.0, 1H, PzA5), 7.45 (d, J = 8.1, 2H, H9), 6.58 (d(br), J = 8.0, 1H, H5), 6.56+6.53 (t, J = 2.0, 2H,
PzB4+PzC4), 6.36 (t, J = 2.0, 1H, PzA4), 5.24-5.14 (m, 3H, H4+H6+H2), 4.89 (ddd, J = 19.8, 3.0, 3.0,
1H, H6'), 4.10 (dddd, J =7.7, 1.9, 1.9, Jpy; = 13.9, 1H, H3), 2.47 (s, 3H, Ts-Me), 2.10 (s, 3H, Amide-
Me), 1.21 (d, *Jp = 10.1, 9H, PMes). °C NMR (CDCls, 8): 172.9/172.7 (Amide-CO/Ts-Amide-CO),
149.1 (PzA3), 146.4/136.9 (C7/C10), 145.8 (PzB3), 143.5 (PzC3), 139.7/139.1 (PzA5/PzB5/PzC5),
131.6 (C5), 130.6 (C9), 128.9 (C10), 109.6/109.1 (PzB4/PzC4), 108.2 (PzA4), 97.0 (C4), 63.2 (d, *Jpc
= 15.3, C3), 56.2 (C2), 45.1 (C6), 22.3 (Ts-Me), 21.7 (Amide-Me), 12.9 (d, Jpc = 22.6, PMes). *'P
NMR (CDsCN, 8): -5.45 (Jye = 259). IR: Ve = 2499 cm™, Vamige =1720 cM™, Vamigeno =1651 cm™, v =

1408 cm™. CV (MeCN): Epa = +2.11 V, E, = -0.77V. obs'd (%), calc'd (%), ppm, (M-H+Na)":
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844.1671 (85.2), 844.1697 (77.7), 3.2; 845.1687 (72.3), 845.1722 (79.0), 4.1; 846.1692 (100),
846.172 (100), 3.3; 847.173 (52.9), 847.1754 (49.7), 2.9; 848.1726 (77.0), 848.1751 (84.0), 2.9.
C10
Ho |
MesP. NO O N=s"\
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TpW(NO)(PMej;)(3,4-n*-(1-acetyl-N-tosyl-1,2-dihydropyridine-2-carboxamide)). 27. NEt; (0.042
g, 0.415 mmol) was added to a yellow homogenous solution of 26 (0.146 g, 0.150 mmol) in DCM
(0.95 g). After 14 h, the reaction solution was removed from the glovebox, diluted with 50 mL
DCM, extracted with 25 mL NaHCO; (saturated, aqueous) and 15 mL brine (saturate, aqueous),
then 15 mL NaHCO; (saturated, aqueous) and 15 mL brine (saturate, aqueous), followed by 2x25
mL NaHCO; (saturated, aqueous). The aqueous layer was back-extracted with 2x25 mL DCM,
dried with MgSQ,, filtered through a 60 mL coarse porosity fritted funnel, and the solvent
removed in vacuo. DCM (2 ml) was added to the residue to cause a precipitate to form. Hexanes
(50 mL) was added to aid in precipitation. The white solid was collected on a 15 mL medium
porosity fritted funnel, washed with 2x7 mL hexanes, and placed under vacuum (0.108 g, 0.131
mmol, 17 mol % impurity of NEtyHOTf; 0.090 g, 0.109 mmol, 73 % yield after adjustment for
impurity). *H NMR (CDCls, 8): 9.12 (s(br), 1H, NH), 8.12 (d, J= 2.0, 1H, PzA3), 7.96 (d, /= 2.0, 1H,
PzB3), 7.94 (d, J = 8.3, 2H, H8), 7.72 (d, J = 2.0, 1H, PzB5), 7.70/7.58 (d, J = 2.0, 2H, PzC5/PzA5),
7.31(d, J = 8.3, 2H, H9), 7.28 (d, J = 2.0, 1H, PzC3), 6.30 (t, J = 2.0, 1H, PzB4), 6.25 (dd, J = 7.5,
6.1, 1H, H5), 6.19 (m, 2H, PzA4+PzB4), 5.84 (d, J = 7.5, 1H, H6), 5.82 (s, 1H, H2), 3.08 (dd, J =
10.3, *Jpy = 10.3, 1H, H3), 2.42 (s, 3H, Ts-Me), 2.23 (s, 3H, Amide-Me), 1.61 (ddd, J = 10.3, 6.1, *Jp4

= 1.7, 1H, H4), 1.15 (d, Ypy = 8.2, 9H, PMes). *C NMR (CDCl;, &§): 172.8 (Ts-Amide-CO), 170.8
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(Amide-CO), 144.8/136.0 (C7/C10), 144.4 (PzA3), 143.4 (PzB3), 140.4 (PzC3), 136.9/135.5
(PzA5/PzC5), 136.3 (PzB5), 129.6 (C9), 128.4 (C8), 122.1 (C5), 113.6 (C6), 106.6 (PzB4),
106.1/105.8 (PzA4/PzC4), 59.9 (d, “Jpc = 13.6, C3), 57.4 (C2), 44.1 (C4), 23.6 (Amide-Me), 21.8
(Ts-Me), 13.3 (d, “Jpc = 28.1, PMes). *'P NMR (DMSO-dg, 5): -8.28 (Jup = 278). IR: v=1562 cm™, v =
1616 cm™, v = 1651 cm™, v = 1716 cm™, v = 1408 cm™. CV (DMA): E,, = +0.46 V. ESI-MS: obs'd
(%), calc'd (%), ppm, (M+Na)": 844.1671 (85.2), 844.1697 (77.7), 3.2; 845.1687 (72.3), 845.1722
(79.0), 4.1; 846.1692 (100), 846.172 (100), 3.3; 847.173 (52.9), 847.1754 (49.7), 2.9; 848.1726

(77.0), 848.1751 (84.0), 2.9.

TpW(NO)(PMe;)(4,5-n*-(dimethyl 2-(1-acetyl-6-(tosylcarbamoyl)-1,2,3,6-tetrahydropyridin-3-
yl)malonate). 28. To separate oven dried test tubes, solutions of 26 (0.200 g, 0.206 mmol) in
MeCN (2.34 g) and LiDMM (0.082 g, 0.596 mmol) in MeCN (1.46 g) were prepared and added to
a 0 °C cold bath. After equilibrating for 12 minutes, the solution was quickly transferred to the
stirring LIDMM solution in 2 portions with a 2 mL Pasteur pipette. After 16 h, the solution was
removed from the cold bath and allowed to warm to room temperature for 15 minutes. The
solution was removed from the glovebox, then diluted with 50 mL DCM, extracted with 3x25 mL
portions of NaHCO; (saturated, aqueous) to make a slowly separating emulsion. The water layer

was back-extracted with 2x25 mL of DCM. The organic layer was dried with MgSQ,, filtered
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through a 60 mL coarse porosity fritted funnel and the solvent removed in vacuo. The residue
was dissolved in 4 mL DCM, diluted with 4 mL EtOAc, and 75 mL hexanes was slowly added to
precipitate a fine off-white solid. The solution was cooled to 0 °C for about 1.5 h and the solid
collected on a 15 mL fine porosity fritted funnel, washed with 2x7 mL hexanes, and the sample
placed under vacuum (0.154 g, 0.161 mmol, 78% vyield). 'H NMR (CDCls, 6): 9.84 (s, 1H, NH), 8.00
(d, J = 8.4, 2H, H9), 8.00 (d, J = 2.0, 1H, PzB3), 7.94 (d, J = 2.0, 1H, PzA3), 7.70 (d, J = 2.0, 1H,
PzB5), 7.68 (d, J = 2.0, 1H, PzC5), 7.60 (d, J = 2.0, 1H, PzA5), 7.34 (d, /= 8.4, 2H, H10), 7.25 (d, / =
2.0, 1H, PzC3), 6.30 (t, J = 2.0, 1H, PzB4), 6.22 (t, J = 2.0, 1H, PzA4), 6.17 (t, J = 2.0, 1H, PzC4),
5.65 (s, 1H, H6), 4.04 (dd, J = 12.9, 3.9, 1H, H2), 3.74 (br, 2H, H3+H7), 3.72 (s, 3H, Ester-Me), 3.60
(s, 3H, Ester-Me'), 3.10 (dd, J = 12.9, 4.0, 1H, H2'), 2.84 (dd, J = 11.5, *Jpy; = 11.5, 1H, H5), 2.44 (s,
3H, Ts-Me), 2.18 (s, 3H, Acyl-Me), 1.18 (d, J = 11.5, 1H, H4), 1.07 (d, %Jpy = 8.3, 9H, PMes). ©°C
NMR (CDCl;, 6): 174.2/174.1 (Ts-Amide-CO+Amide-CO), 169.7 (Ester-CO), 169.2 (Ester-CQ'),
144.6 (C8orC11), 143.0/142.7 (PzB3/PzA3), 140.3 (PzC3), 136.8/136.4/136.3/136.2
(PzA5/PzB5/PzC5+C80rC11), 129.6 (C10), 128.5 (C9), 106.8 (PzB4), 106.2/106.0 (PzA4/PzB4),
59.5 (C3/C7), 58.7 (d, J = 3.9, C6), 52.7 (Ester-Me), 52.6 (Ester-Me'), 50.9 (d, 2o = 12.0, C5), 46.0
(C3/C7), 23.0 (Amide-Me), 21.8 (Ts-Me), 12.9 (d, Ypc = 28.1, PMes). *'P NMR (CDCls, 8): -10.96
(Jwp = 275). IR: vgy = 2488 cm™, v = 1728 cm™, v = 1620 (br) cm™, vyo = 1558 cm™, v = 1408 cm™.
CV (DCM): E, , = +0.76 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 976.2139 (61.7), 976.2121
(74.7), 1.9; 977.2165 (87.8), 977.2145 (79.4), 2.1; 978.2161 (100), 978.2155 (100), 0.6; 979.22

(47.2),979.2177 (53.4), 2.4; 980.2191 (86.2), 980.2175 (83.4), 1.7.
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TpW(NO)(PMe;)(3,4-n*-(1-acetyl-5-ethyl-N-tosyl-1,2,5,6-tetrahydropyridine-2-carboxamide)).

29. A solution of ZnEt2 (0.136 g, 1.101 mmol) in THF (1.5 g) was transferred to a vial containing
CuCN (0.198 g, 2.211 mmol) and the slurry was rapidly transferred to a vial containing 26 (0.211
g, 0.235 mmol). The solid complex solubilized within a minute to make a yellow-brown
heterogeneous solution as a black solid formed. After 10 minutes, the reaction solution was
removed from the glovebox and slowly diluted with 50 mL DCM to precipitate a white solid. The
precipitate was removed via filtration through a 60 mL coarse porosity fritted funnel containing
2 cm celite. The yellow filtrate was extracted with 3 x 20 mL NaHCO; (saturated, aqueous), back-
extracted with 2 x 20 mL DCM, dried with MgS0O,, filtered through a 60 mL coarse porosity
fritted funnel then a 30 mL medium porosity fritted funnel. The filtrate solvent was removed
and the residue was dissolved in 2 mL DCM, then 2 ML EtOAc, and diluted with 75 mL hexanes
to precipitate a tan solid. The solution was cooled in an ice bath for 0.5 h and the precipitate
collected on a 15 mL medium porosity fritted funnel (0.102 g, 0.131 mmol, 56 % yield; 47 %
corrected for co-isolation of 38 in 1:5 molar ratio). "H NMR (CDCls, 6): 9.76 (s(br), 1H, NH), 8.03
(d, 4 =2.0, 1H, PzA3), 8.01 (d, J = 7.9, 2H, H10), 8.00 (d, J = 2.0, 1H, PzB3), 7.72 (d, J = 2.0, 1H,
PzB5), 7.7 (d, J = 2.0, 1H, PzC5), 7.62 (d, J = 2.0, 1H, PzA5), 7.36 (d, J = 7.9, 2H, H11), 7.32 (d, J =
2.0, 1H, PzC3), 6.31 (t, J = 2.0, 1H, PzB4), 6.2 (t, J = 2.0, 1H, PzA4), 6.19 (t, J = 2.0, 1H, PzC4), 5.86

(s(br), 1H, H2), 3.78 (dd, J = 12.9, 5.4, 1H, H6), 3.11 (m, 1H, H5), 2.86 (dd, */py = 11.6, J=11.6, 1H,
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H3), 2.63 (dd, J = 12.9, 9.3, 1H, H6'), 2.47 (s, 3H, Ts-Me), 2.22 (s, 3H, Amide-Me), 1.45 (m, 1H,
H7), 1.24 (m, 1H, H7'), 1.06 (d, “Jpu = 8.0, 9H, PMe;), 0.89 (t, J = 7.5, 3H, Ethyl-CHs). *C NMR
(CDCl5, 6): 173.8 (Ts-Amide-CO), 173.6 (Amide-CO), 144.6/136.5 (C9/C12), 143.2 (PzB3), 141.9
(PzA3), 140.4 (PzC3), 136.6/136.1/136.0 (PzA4/PzB4/PzC4), 129.6 (C11), 128.5 (C10), 106.7
(PzB4), 106.1/105.5 (PzA4/PzC4), 59.2 (d, J = 4.8, C2), 54.1 (C4), 48.5 (C6), 47.0 (d, *Jpc = 11.5,
C3), 39.3 (C5), 31.5 (C7), 22.9 (Amide-Me), 21.8 (Ts-Me), 13.2 (d, “Joc = 27.7, PMes), 11.9 (Ethyl-
CHs). *'P NMR (CDCls, 6): -10.22 (Jyp = 280). IR: v.=3130 cm™ (W), vigry = 2491 cm™, v = 1726 cm™,
v = 1599 cm™, vyo) = 1557 cm™, v = 1408 cm™. CV (MeCN): E,, = +0.56 V. ESI-MS: obs'd (%),
calc'd (%), ppm, (M+Na)": 874.216 (78.1), 874.2167 (76.7), 0.8; 875.2193 (76.6), 875.2192 (79.4),
0.2; 876.2185 (100), 876.219 (100), 0.6; 877.2218 (45.9), 877.2224 (51.0), 0.7; 878.2204 (77.1),

878.2221 (83.6), 1.9.

TpW(NO)(PMe;)(3,4-n*-(1-acetyl-5-(1H-indol-3-yl)-N-tosyl-1,2,5,6-tetrahydropyridine-2-

carboxamide)). 30. CHCI; (3.30 g) was added to a vial containing 26 (0.102 g, 0.114 mmol) and
indole (0.142 g, 1.212 mmol) to make a homogeneous yellow solution. EtOH (0.010 g) was
added to the solution. After 21 h, the reaction solution was removed from the glovebox and

diluted with 50 mL Et,0 to precipitate a pale-yellow-orange solid. The precipitate was collected
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on a 15 mL medium porosity fritted funnel, washed with 2x7 mL Et,0, and placed under vacuum
(0.078 g, 0.090 mmol, 79 % vyield; 66 % corrected for 16 mol % co-isolation of 27). ‘H NMR
(DMSO-dg, 8): 11.41 (s(br), 1H, Ts-NH), 10.67 (s(br), 1H, Indole-NH), 8.23 (d, J = 2.0, 1H, PzA3),
7.99 (d, J = 2.0, 1H, PzB3), 7.98 (d, J = 2.0, 1H, PzB5), 7.91 (d, J = 2.0, 1H, PzC5), 7.83 (d, J = 8.0,
2H, H14), 7.69 (d, J = 2.0, 1H, PzA5), 7.48 (d, / = 8.0, 1H, H12), 7.44 (d, J = 2.0, 1H, PzC3), 7.37 (d,
J=8.0, 2H, H15), 7.27 (d, J = 8.2, 1H, H9), 7.25 (d, /= 2.0, 1H, H8), 6.99 (dd, J = 8.2, 6.9, 1H, H10),
6.71 (dd, J = 8.2, 6.9, 1H, H11), 6.42 (t, J = 2.0, 1H, PzB4), 6.27 (t, J = 2.0, 1H, PzC4), 5.98 (t, J =
2.0, 1H, PzA4), 5.93 (s(br), 1H, H2), 4.87 (m, 1H, H5), 3.70 (dd, J = 13.5, 5.3, 1H, H6), 2.95 (m, 2H,
H3+H6'), 2.39 (s, 3H, Ts-Me), 2.12 (s, 3H, Amide-Me), 1.52 (d(br), J =11.3, 1H, H4), 1.07 (d, Ypy =
8.3, 9H, PMes). 'H NMR (DMSO-ds, 6): 174.9 (Ts-Amide-CO), 170.7 (Amide-CO), 143.9 (C13 or
C16), 142.8 (PzB3), 142.4 (PzA3), 140.5 (PzC3), 137.0 (PzB5), 136.7 (C13 or C16), 136.7 (Indole-
Quat.), 136.2 (PzC5), 135.9 (PzA5), 129.5 (C15), 128.1 (C14), 125.7 (Indole-Quat.), 122.3 (C8),
120.5 (C10), 120.3 (C7), 118.9 (C12), 118.0 (C11), 111.5 (C9), 106.6 (PzB4), 106.2 (PzC4), 104.9
(PzA4), 57.8 (d, /= 4.9, C2), 57.8 (d, J = 4.9, C2), 52.2 (C4), 49.8 (C6), 49.2 (d, *Jpc = 11.1, C3), 35.7
(C5), 23.3 (Amide-Me), 21.1 (Ts-Me), 12.1 (d, Ypc = 27.6, PMes). *'P NMR (DMSO-ds, 8): -8.03 (Jwe
= 284). IR: vgy = 2480 cm™, v = 1720 cm™, v = 1632 cm™, vyo = 1561 cm™. CV (DMA): £, , = +0.51
V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)": 961.2293 (69.1), 961.2277 (73.7), 1.6; 962.2285
(69.3), 962.2301 (80.2), 1.6; 963.2306 (100), 963.2301 (100), 0.6; 964.2341 (61.6), 964.2333

(55.0), 0.9; 965.2338 (74.4), 965.2331 (82.7), 0.7.
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5-acetyl-6-ethyl-2-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-one. 33. A yellow solution of DDQ
(0.062 g, 0.273 mmol) in MeCN (2.93 g) was added to a vial containing 14 (0.105 g, 0.123 mmol)
to make a dark purple solution and was allowed to stir. After 1 h and 10 min, the reaction
solution was removed from the glovebox, diluted with 20 mL DCM, extracted with 3x20 mL
NaHCO; (saturated, aqueous), back-extracted with 2x10 mL DCM, dried with MgSQO,, filtered
through a 60 mL coarse porosity fritted funnel, followed by a 30 mL medium porosity fritted
funnel. The solvent was removed and the residue was transferred to a vial with DCM. The
residue transferred to a 500 pum x 20 cm x 20 cm preparatory TLC plate and eluted with 1:1
EtOAc:Et,0. The band between rf=0.32 and rf=0.44 was removed from the plate, sonicated in a
test tube containing 15 mL EtOAc for 5 min, collected on a 30 mL medium porosity fritted
funnel, washed with 200 mL EtOAc, and the solvent removed. The residue was loaded onto a
second preparatory TLC plate and eluted with 1:1 EtOAc:Et,0. The band between rf=0.37 and
rf=0.44 was removed from the plate, sonicated in a test tube containing 15 mL EtOAc for 5 min,
collected on a 30 mL medium porosity fritted funnel, washed with 200 mL EtOAc, and the
solvent removed to yield a tan solid (0.023 g, 0.066 mmol, 54 % yield). m.p.: 160-163 °C. Amide
Conformer Ratio: 3.3:1. *H NMR (CDCls, 6): 7.87 (d, J = 8.0, 2H, H12) 7.32 (d, J = 8.0, 2H, H13),
6.75 (ddd, J = 7.4, 5.8, 1.4, 1H, H8), 6.68 (dd, J = 6.4, 6.0, 1H, H8-minor), 6.57 (dd, J = 6.4, 5.9, 1H,
H7-minor), 6.50 (ddd, J = 7.4, 5.7, 1.5, 1H, H7), 5.64 (d, J = 5.0, 1H, H4-minor), 5.39 (d, J = 5.0, 1H,
H1-minor), 5.36 (ddd, J = 5.7, 1.8, 1.4, 1H, H1), 4.72 (dd, J = 5.8, 1.5, 1H, H4), 3.46 (dd, J = 10.2,
1.8, 1H, H6), 3.27 (d, J = 10.6, 1H, H6-minor), 2.43 (s, 3H, Ts-Me), 2.21 (m, 1H, H9) 2.10 (s, 3H,
Amide-Me), 2.05 (s, 3H, Amide-Me-minor), 2 (m, 1H, H9-minor), 1.71 (m, 1H, H9'-minor), 1.27
(m, 1H, H9'), 1.14 (t, J = 7.1, 3H, H10-minor), 1.07 (t, J = 7.5, 3H, H10). *C NMR (CDCl;, 8): 170.0
(Amide-CO) 166.2 (C3), 145.7/135.0 (C11/C14), 136.1 (C8), 131 (C7), 129.7 (C13), 128.4 (C12),

60.0 (C4), 58.9 (C6), 55.0 (C1), 23.1 (C9), 22.4 (Amide-Me), 21.8 (Ts-Me) 9.9 (C10). IR: v = 1730
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ecm™, v =1657 cm™, v = 1170 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 371.1035 (100),

371.1036 (100), 0.2.

methyl 2-(2-acetyl-6-oxo-5-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-yl)acetate). 34. A yellow
solution of DDQ (0.071 g, 0.313 mmol) in acetone was added to a flame dried test tube
containing 15 (0.125 g, 0.140 mmol) to make a dark red homogeneous solution that was added
to a 55 °C oil bath for 1 h. The reaction solution was allowed to stir for 1 h at room temperature,
then diluted with acetone and allowed to stir outside of a glovebox overnight. After 15 h, the
gray precipitate from the heterogeneous solution was collected on a 15 mL medium porosity
fritted funnel and the filtrate solvent removed. The residue was dissolved in 3 mL acetone and
added to 50 mL stirring Et,0. The precipitate was collected on a 30 mL medium porosity fritted
funnel. The precipitate was redissolved in 3 mL acetone and added to 50 mL of stirring Et,0 and
the precipitate collected on the same funnel. The combined filtrate solvent was removed and
the residue triturated in 4 mL CHCl; and filtered through celite to remove fine particulate. The
filtrate solvent was removed and loaded onto a 1500 um x 20cm x 20cm preparatory TLC plate
and eluted with EtOAc. The band between rf=0.40 and rf=0.64 was removed from the plate,
sonicated in a test tube containing 15 mL EtOAc for 10 minutes, collected on a 60 mL medium
porosity fritted funnel, washed with 200 mL EtOAc, and the solvent removed. The residue was
loaded onto a 500 pum x 20cm x 20cm preparatory TLC plate, eluted with 60% Et,0:40% EtOAc.

The band between rf=0.31 and rf=0.41 was removed from the plate, sonicated in a test tube
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containing 15 mL EtOAc for 10 min. The solution was filtered through a 30 mL medium porosity
fritted funnel, washed with 200 mL EtOAc, and the solvent removed in vacuo to produce a tan
solid (0.020 g, 0.051 mmol, 37 % yield). m.p.: degraded without melting at 180 °C. ‘H NMR
(CDsCN, 6): 7.84 (d, J = 8.5, 2H, H11) 7.42 (d, J = 8.5, 2H, H12), 6.83 (ddd, J = 7.5, 5.9, 1.5, 1H,
H8), 6.57 (ddd, J=7.5,5.7, 1.9, 1H, H7), 5.44 (d, /= 5.9, 1H, H4), 4.86 (d, J = 5.7, 1H, H1), 3.94 (d,
J=9.6, 1H, H3), 3.73 (s, 3H, Ester-Me), 3.20 (dd, J = 17.7, 2.0, 1H, H9), 2.44 (s+shoulder, 4H, Ts-
Me/H9'), 2.06 (s, 3H, Amide-Me). *C NMR (CD;CN, &): 172.1 (Ester-CO) 171.1 (Amide-CO), 167.2
(C6), 147.1/135.8 (C10/C13), 136.8 (C8), 132.3 (C7), 130.8 (C12), 129.0 (C11), 60.2 (C1), 57.6
(C4), 54.6 (C3), 52.4 (Ester-Me), 35.4 (C9) 22.5 (Amide-Me), 21.7 (Ts-Me). IR: v =1732 cm™, v =

1658 cm™, v = 1171 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 415.0934 (100), 415.0934
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(100), 0.0.

5-acetyl-6-allyl-2-tosyl-2,5-diazabicyclo[2.2.2]oct-7-en-3-one. 35. A yellow solution of DDQ
(0.060 g, 0.264 mmol) in acetone (2.7 g) was added to a heterogeneous tan solution of 16 (0.101
g, 0.117 mmol) in acetone (2.7 g) in a flame dried test tube to become a dark brown-black nearly
homogeneous solution and was added to a 55 °C oil bath. After 1 hour the reaction solution was
removed from the oil bath, solvent removed, dissolved in 3 mL acetone, added to 50 mL stirring
Et,0, filtered through a 30 mL medium porosity fritted funnel. The precipitate was redissolved in
3 mL acetone, added to 50 mL stirring Et,0, and the precipitate collected on a 30 mL medium

porosity fritted funnel. The combined filtrate solvent was removed, the filtrate sonicated in
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3x4mL CHCI;, filtered through celite, and the solvent removed. The residue was loaded onto a
500 um x 20 cm x 20 cm preparatory TLC plate and eluted with 1:1 EtOAc:Et,0. The band
between rf=0.44 and rf=0.58 was removed from the plate, sonicated in a test tube containing 15
mL EtOAc for 10 min, collected on a 30 mL medium porosity fritted funnel, washed with 200 mL
EtOAc, solvent removed and the residue loaded onto a second preparatory TLC plate. The band
between rf=0.45 and rf=0.54 was removed from the plate, sonicated in a test tube containing 15
mL EtOAc for 10 min, collected on a 30 mL medium porosity fritted funnel, washed with 200 mL
EtOAc, and the solvent removed to produce a tan solid (0.021 g, 0.058 mmol, 50 % yield). m.p.:
124-127 °C. *H NMR (CDsCN, 6): 7.84 (d, J = 8.5, 2H, H13) 7.41 (d, J = 8.5, 2H, H12), 6.81 (ddd, J =
7.5, 5.9, 1.5, 1H, H7), 6.53 (ddd, J = 7.5, 5.7, 1.9, 1H, H8), 5.98 (m, 1H, H10), 5.47 (s(br), 1H, H4-
minor), 5.42-5.19 (m, 3H, H11/H11'/H1), 4.84 (d, /= 5.7, 1H, H4), 3.57 (ddd, /= 10.3, 2.9, 2.1, 1H,
H6), 2.90 (d(br), J = 14.0, 1H, H9), 2.45 (s, 3H, Ts-Me), 2.19 (s(br), 1H, H9'), 2.07 (s, 3H, Amide-
Me). *C NMR (CDsCN, &): 171.2 (Amide-CO) 167.5 (Ts-CO), 147.0/136.0 (C12/C15), 137.1 (C7),
134.3 (C10), 131.8 (C8), 130.7 (C14), 129.1 (C13), 119.3 (C11), 60.4 (C4), 57.7 (C6), 56.8 (C1),
35.4 (C9) 22.6 (Amide-Me), 21.7 (Ts-Me). IR: v=1732 cm™, v = 1650 cm™, v = 1169 cm™. ESI-MS:

obs'd (%), calc'd (%), ppm, (M+Na)*: 383.1036 (100), 383.1036 (100), 0.0.
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5-acetyl-2-tosyl-6-((trimethylsilyl)ethynyl)-2,5-diazabicyclo[2.2.2]oct-7-en-3-one. 36. A yellow

solution of DDQ (0.056 g, 0.247 mmol) in acetone-d6 (1.65 g) was added to a flame dried test
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tube containing 17 (0.101 g, 0.090 mmol) to make a heterogeneous solution that was allowed to
stir for 0.5 h. The test tube was added to a 57 °C oil bath for 1 h. NMR data indicated that
starting material was still present. An additional amount of DDQ (0.028 g, 0.123 mmol) in
acetone-d6 (0.3 g) was added to the reaction solution and returned to the oil bath. After 1 h, the
test tube was removed from the oil bath and the mostly homogeneous solution was allowed to
stir overnight. After 15.5 h, the now homogeneous solution was transferred to a vial and the
solvent removed. The solid was triturated the Et,0 and allowed to stir for 2 h. The precipitate
was collected on a 15 mL medium porosity fritted funnel, washed with 2x15 mL Et,0. The
precipitate was redissolved in acetone, the solvent removed and the residue triturated and
stirred again in 15 mL Et,0. The precipitate was removed via filtration using a 15 mL medium
porosity fritted funnel. The filtrate solvent was removed and the residue was sonicated in CHCl;
(3x4mL), filtered through a celite pipette, and the solvent removed. The residue was loaded
onto a 500 um x 20 cm x 20 cm SiO, preparatory TLC plate and eluted with 9:1 Et,0:EtOAc. The
SiO, band between rf=0.18 and rf=0.28 was removed from the plate, sonicated in 15 mL EtOAc
for 10 min. The silica was collected on a 60 mL medium porosity fritted funnel, layered with 2
cm sand, washed with 200 mL EtOAc, and the solvent removed. The residue was loaded onto
another preparatory TLC plate and eluted with 60% Et,0:40% EtOAc. The band between rf=0.38
and rf=0.49 was removed from the plate, sonicated in 15 ML EtOAC for 10 min. The silica was
collected on a 60 mL medium porosity fritted funnel, layered with 2 cm sand, washed with 200
mL EtOAc, and the solvent removed to leave a brown residue.(0.014 g, 0.034 mmol, 37 % yield).
Amide Conformer Ratio: 2.5:1. *H NMR (CD4CN, &): 7.83 (d, J = 8.4, 2H, H12) 7.41 (d, J = 8.4, 2H,
H13), 6.78/6.54 (t, J = 6.4, 2H, H7/H8), 5.52 (m, 2H, H1/H4), 5.45 (s(br), 1H, H1-minor), 4.88 (d, J
= 4.9, 1H, H4-minor), 4.4 (s, 1H, H6), 4.32 (s, 1H, H6-minor), 2.44 (s, 3H, Tos-Me), 2.16 (s, 3H,

Amide-Me), 2.1 (s, 3H, Amide-Me-minor), 0.23 (s, 9H, TMS), 0.2 (s, 9H, TMS-minor). 3¢ NMR
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(CDsCN, 6): 170.7 (Amide-CO) 167.2 (C3), 146.9/136.7 (C11/C14), 136.3/133.7/133.0 (C7/C8-
MaJor/Minor), 130.7 (C13), 128.9 (C12), 101.8 (C9), 92.1 (C10), 59.6/55.1 (C1/C4), 59.9 (C4-
Minor), 59.1 (C1-Minor), 51.3 (C6), 50.6 (C6-Minor) 23 (Amide-Me), 21.7 (Ts-Me), -0.14 (TMS-
Minor), -0.33 (TMS). IR: v = 2178 (weak) cm™, v=1733 cm™, v=1661 cm™, v = 1172 cm™.ESI-MS:

obs'd (%), calc'd (%), ppm, (M+Na)*: 439.1111 (100), 439.1118 (100), 1.7.

Hyp A C11

Dimethyl 2-(1-acetyl-6-(tosylcarbamoyl)-1,2,3,6-tetrahydropyridin-3-yl)malonate. 37. To flame
dried test tubes, a bright yellow solution of 28 (0.106 g, 0.118 mmol) in MeCN (1.17 g) and a
heterogeneous solution of LiDMM (0.046 g, 0.333 mmol) in MeCN (0.76 g) were addedto a 0 °C
cold bath. After 15 minutes, the solution was quickly added to the stirring LIDMM solution to
become nearly colorless. After 1 h the reaction was removed from the cold bath and allowed to
warm to room temperature. DDQ (0.058 g, 0.256 mmol) was added to the nearly colorless
reaction solution to become dark purple. The solution was allowed to stir for 1 h. The reaction
solution was then added to 50 mL stirring Et,0 to precipitate some material that was collected
on a 60 mL medium porosity fritted funnel. The filtrate was set aside. The material on the fritted
funnel was dissolved with DCM and MeCN, the solvent removed, and the residue transferred to
50 mL Et,0 with 3 mL MeCN to precipitate additional material that was collected on a 60 mL

medium porosity fritted funnel. The Et,0 filtrate was combined with the first Et,0 filtrate. The
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precipitate was redissolved in MeCN (3 mL) a third time, added to 50 mL Et,0 to precipitate
additional material that was collected on a 30 mL medium porosity fritted funnel, washed with 2
x15 mL Et,0, and discarded. The Et,0 filtrate was combined with the first two Et,0 filtrates and
the solvent removed. The residue was sonicated with 5 x 2 mL CHCl; that was filtered through a
pipette fitted with 1 cm celite and the filtrate solvent removed in vacuo. The residue was loaded
onto a 500 pum x 20 cm x 20 cm SiO, preparatory TLC plate with 4 x 0.25 g DCM using a 1 mL
syringe and eluted with 1:1 Et,0:EtOAc. The band between rf=0.43 and rf=0.53 was scraped
from the plate and sonicated in a test tube containing 15 mL EtOAc for ~10 minutes. The
material was collected on a 30 mL medium porosity fritted funnel, washed with 200 mL EtOAc,
and the solvent removed in vacuo. The residue was transferred to another preparatory TLC plate
and eluted again with 1:1 EtOAc:Et,0. The band between rf=0.20 and rf=0.47 was removed from
the plate, sonicated in a test tube containing ~15 mL EtOAc. The material was collected on a 30
mL fine porosity fritted funnel, washed with 200 mL EtOAc, the solvent removed to yield an off-
white solid (0.010 g, 0.023 mmol, 19 % yield). Additional material was found elsewhere but
could not be separated from other impurities. '"H NMR (CDCls): 9.75 (s(br), 1H, NH), 7.90 (d, J =
8.3, 2H, H9), 7.31 (d, J = 8.3, 2H, H10), 5.85 (d(br), / = 10.5, 1H, H4), 5.78 (ddd, J = 10.5, 3.3, 2.3,
1H, H5), 5.22 (s(br), 1H, H6), 3.99 (dd, J = 12.5, 3.0, 1H, H2), 3.76 (s, 3H, Ester-Me), 3.75 (s, 3H,
Ester-Me'), 3.34 (d, J = 8.5, 1H, H7), 3.00 (m, 2H, H2'+H3), 2.43 (s, 3H, Ts-Me), 2.22 (s, 3H,
Amide-Me). *C NMR (CDCls): 172.1 (Amide-CO), 167.9/167.2 (Ester-CO/Ester-CO'/Ts-Amide-CO),
145.2/135.7 (C8/C11), 129.7 (C10), 129.6 (C4), 128.5 (C9), 123.3 (C5), 54.7 (C6), 53.2 (C7), 53.1
(Ester-Me/Ester-Me'), 45.1 (C2), 35.0 (C3), 21.8/21.5 (Ts-Me/Amide-Me). IR: v = 1731 cm™, v =
1618 cm™.Melting Point: 182-185 °C. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 475.1146

(100), 475.1146 (100), 0.0.
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- C8

1-acetyl-5-ethyl-N-tosyl-1,2,5,6-tetrahydropyridine-2-carboxamide. 38. A solution of ZnkEt,
(0.086 g, 0.049 mmol) in THF (1.5 g) was added to CuCN (0.096 g, 1.072 mmol) and the
suspension was quickly added to a vial containing 29 (0.100 g, 0.111 mmol). After 13 minutes,
the reaction solution was diluted with 25 mL DCM and a precipitate formed. The solution was
was removed from the glovebox, filtered through a 60 mL coarse porosity fritted funnel
containing 2 cm celite, and was washed with 2 x 20 mL DCM. The filtrate solvent was removed
and the residue was returned to a glovebox atmosphere. A yellow solution of DDQ (0.061 g,
0.269 mmol) in MeCN (1.95 g) was added to the residue to make a dark purple solution that was
allowed to stir for 1.2 h. The solution was then added to 50 mL stirring Et,0. The precipitate was
collected on a 60 mL medium porosity fritted funnel, redissolved in MeCN (3 mL), added to 50
mL stirring Et,0, the precipitate was collected again and discarded. The Et,0 filtrate solvent was
removed and the residue was sonicated with 3 x 4 mL CHCls, each time filtering through 1 cm
celite in a 2 mL Pasteur pipette. The solvent was removed and the residue loaded onto a 500 pum
x 20 cm x 20 cm SiO, preparatory TLC plate with 4 x 0.25 g DCM using a 1 mL syringe. The plate
was eluted with 1:1 EtOAc:Et,0. The band between rf=0.62 and rf=0.84 was removed from the
plate, sonicated for ~10 minutes in a test tube containing ~15 mL EtOAc. The material was
collected on a 30 mL fine porosity fritted funnel, washed with 200 mL EtOAc and the solvent

removed. The material was sonicated with 3 x 2 mL CHCI;, filtered through a pipette fitted with
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celite, and the solvent removed. The residue was loaded onto another preparatory TLC plate
and eluted with 1:1 Et,0:EtOAc. The band between rf=0.50 and rf =0.71 was removed from the
plate, sonicated in a test tube containing ~15 mL EtOAc. The material was collected on a 30 mL
fine porosity fritted funnel, washed with 200 mL EtOAc, and the solvent removed in vacuo to
leave a pale yellow solid (0.012 g, 0.035 mmol, 31 % yield). *H NMR: 9.69 (s(br), 1H, NH), 7.92 (d,
J=8.3, 2H, H11), 7.31 (d, / = 8.3, 2H, H10), 5.92 (d(br), J = 10.3, 1H, H4), 5.67 (ddd, J = 10.3, 3.8,
2.7, 1H, H3), 5.19 (ddd, J = 3.8, 2.7, 2.7, 1H, H2), 3.73 (dd, J = 13.6, 5.2, 1H, H6), 2.83 (dd, J =
13.6, 11.2, 1H, H6'), 2.43 (s, 3H, Ts-Me), 2.19 (s, 3H, Amide-Me), 2.18 (m, 1H, H5), 1.36 (m, 2H,
H7/H7'), 0.96 (t, J = 7.4, 3H, Et-CHj3). BC NMR: 171.7 (Amide-CO), 167.6 (Ts-Amide-CO),
145.1/135.9 (C9/C12), 133.3 (C4), 129.7 (C10), 128.6 (C11), 120.8 (C3), 54.8 (C2), 47.3 (C6), 36.8
(C5), 25.3 (C7), 21.8 (Ts-Me), 21.6 (Amide-Me), 11.0 (C8). IR: v = 1782 cm™, v=1731 cm™, v =
1614 cm™, v = 1449 cm™. Melting Point: 148-158 °C. ESI-MS: obs'd (%), calc'd (%), ppm, (M+Na)":

373.118 (100), 373.1193 (100), 3.4.

1-acetyl-5-(1H-indol-3-yl)-N-tosyl-1,2,5,6-tetrahydropyridine-2-carboxamide. 39. Indole (0.140
g, 1.120 mmol) was added to a homogeneous yellow solution of 30 (0.102 g, 0.114 mmol) and

CHClI; (3.40 g) followed by the addition of EtOH (0.008 g). After 16 h, the reaction solution was
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transferred to a 125 mL E-flask and diluted with 50 mL Et,0 to precipitate a light orange solid
that was collected on a 15 mL medium porosity fritted funnel (0.112 g) outside of a glovebox.
The solid was transferred to a 1 L side arm flask containing SiO, (12.1 g) and diluted with 250 mL
EtOAc. The atmosphere of the flask was purged for ~30 s with O, (g). The flask and attached
balloon were filled, vented and refilled with O, (g). The solution was allowed to stir rapidly for
21 h, then the reaction contents were collected on a 150 mL medium porosity fritted funnel,
washed with 400 mL EtOAc, and the solvent removed in vacuo. The residue was transferred to a
vial, loaded onto a 500 um x 20 cm x 20 cm SiO, preparatory TLC plate, and eluted with 1:1
EtOAc:Et,0. The band between rf=0.23 and rf=0.47 was removed from the plate, sonicated in a
test tube containing 15 mL EtOAc for ~10 minutes. The material was collected on a 30 mL
medium porosity fritted funnel, washed with 200 mL EtOAc, and the solvent removed to leave a
tan solid (0.013 g, 0.030 mmol, 26 % yield). '"H NMR (CDCls, 8): 9.78 (s(br), 1H, Ts-NH), 8.23
(s(br), 1H, Indole-NH), 7.96 (d, J = 8.6, 2H, H15), 7.59 (d, J = 8.0, 1H, H12), 7.42 (d, J = 8.2, 1H,
H9), 7.33 (d, J = 8.6, 2H, H14), 7.25 (dd, /= 8.0, 7.2, 1H, H10), 7.16 (dd, /= 8.0, 7.2, 1H, H11), 7.05
(d, J = 2.4, 1H, H8), 6.23 (ddd, J = 10.1, 3.0, 1.6, 1H, H4), 5.88 (ddd, J = 10.1, 3.9, 2.8, 1H, H3),
5.34 (ddd, J = 3.9, 3.0, 2.8, 1H, H2), 3.98 (dd, J = 13.6, 5.2, 1H, H6), 3.87 (ddddd, J = 10.9, 5.2, 2.8,
2.8, 1.6, 1H, H5), 3.31 (dd, J = 13.6, 10.9, 1H, H6'), 2.44 (s, 3H, Ts-Me), 2.26 (s, 3H, Amide-Me).
C NMR (CDCl;, 6): 171.8 (Amide-CO), 167.6 (Ts-Amide-CO), 145.1 (C13 or C16), 136.6 (C12a or
C8a), 135.9 (C13 or C16), 133.4 (C4), 129.7 (C14), 128.5 (C15), 126.3 (C12a or C8a), 122 (C10),
121.8 (C8), 121.4 (C3), 120.1 (C11), 118.7 (C12a or C8a), 114.7 (C7), 111.7 (C9), 54.8 (C2), 48.4
(C6), 33.5 (C5), 21.8+21.7 (Ts-Me+Amide-Me). IR: v = 1778 cm™, v = 1728 cm™, v = 1616 cm™.
Melting Point: 108-114 °C. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 460.1313 (100), 460.1302

(100), 2.5.
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Chapter 6

Tungsten-Promoted Pyridine Ring Scission:
The Selective Formation of n°-Cyanine and
nz-Merocyanine Complexes and their
Derivatives
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Introduction:

Cyanines and merocyanines, polyene systems with an electron-donor group at
one terminus and an electron-withdrawing group at the other, are widely studied not
only in their historical context in the dye industry, but also for their nonlinear optical
and solvatochromism properties, and their potential uses in laser technology, data
storage, photosensitizers, and phototheraputics.’ In the course of investigating the

* we discovered that a

reactivity of nz-coordinated pyridine complexes of tungsten,”
bound N-acetylpyridinium ligand, upon treatment with certain nucleophiles,
spontaneously underwent ring-scission to form a cyanine with the tungsten fragment
still coordinated. Given the broad interest in cyanines and the novelty of the resulting

metallocyanine products, we mounted an investigation of this new organometallic

reaction type.

Results and Discussion:

The acetylpyridinium species 1 is conveniently formed from pyridine-borane,
acetic anhydride, and TpW(NO)(PMe;,)(772—benzene).3 With tungsten coordinating C3 and
C4, the acetylated pyridine ring of 1 readily undergoes regio- and stereoselective
nucleophilic addition at C2, providing a facile route to a broad range of nz—(1,2—
dihydropyridine) complexes.3 When the newly attached C2 substituent is capable of
donating m-electrons, a Zincke-Kénig**-like ring scission becomes possible, thereby
generating a cyanine with the complexing agent still attached. For example, when a

solution of 1 was treated with indoline, a single new compound (2) was isolated in 88 %
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yield. The spectroscopic features of 2 differed widely from those observed for 3,4-1]2-
1,2-dihydropyridine complexes.3 Electrochemical and *'P NMR data indicated that the
{TpW(NO)(PMes)} system of 2 was still intact, but was coordinated to a highly electron-
deficient organic ligand. Proton and 3C NMR data along with an HSQC experiment
indicated that this new ligand has a total of nine methine groups. Two of these were
associated with tungsten-bound carbons and four were associated with the aromatic
ring, leaving three methine signals in the range of 5.8-8.2 ppm (CDCls). In addition, a
broad peak at 9.56 ppm was present that diminished upon the addition of D,0. This
feature along with an IR absorption at 1643 cm™ indicated the presence of a secondary
amide. COSY, NOESY, and HMBC experiments confirmed the structure of 2 portrayed in
Scheme 1.

Presumably, the formation of the cyanine complex 2 is driven in part by the m-
basic nature of the metal fragment.® The cleavage of the C-N bond results in a m-acid
superior to the purported dihydropyridine precursor, (i.e, with a lower energy m-
symmetry LUMO). This ring-scission appears to be general, provided that it renders a
better m-acid than the dihydropyridine precursor. For example, when malononitrile in
CH,Cl, is combined with 1 and 2,6-lutidine followed by an aqueous hydroxide wash,
merocyanine complex 3 is produced in 29 % yield. Proton, 1p, and *C NMR features for
3 are similar to 2. Additionally, diastereotopic nitrile groups are present (**c: 114.1 and
116.3 ppm; IR: 2210, 2217 cm™). Even mild nucleophiles such as pyrrole can add to C2
of the acylpyridinium complex (1). Combining the acetylpyridinium complex (1) with

pyrrole in the presence of lutidine generated the dihydropyridine complex 4’, a
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compound that has been previously reported (Scheme 2).> However, if the lutidine was
omitted, NMR data of the product mixture suggested the formation of a new species
that did not share the signature NMR features of our tungsten dihydropyridine
complexes. Optimal results were obtained with 2,4-dimethylpyrrole, in which case

cyanine complex 4 was isolated in 53 % vyield.
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| NO
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-
™ | |
L ey
§ A
@E) ( 1 L Ne o
~ " 2,6-lutidine
2,6-lutidine (-H")
- PMe; N PMes S

| WO | .

W NO
Tp~ ~ = Tp/W\ =
< N > N
g N
H O 0]
NC CN )

Y

l l 2. OH- (aq)

Scheme 1: Indoline and malononitrile ring scission of 1 (cationic complexes have triflate

counterions).
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As mentioned above, an important driving force for these ring scissions is the
stabilization of the tungsten system through m-backbonding into the low energy m*-
orbitals associated with the cyanine or merocyanine ligands. Providing support for this
notion is the nitrosyl stretching frequency that shifts from 1554 cm™ for typical
dihydropyridine complexes to 1608, 1585, or 1608 cm™, for 2, 3, or 4 respectively.’?
Meanwhile, the W(I/0) reduction potential for 2-4 is nearly 0.5 V more positive than that

of dihydropyridine complexes.
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o)
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Scheme 2: Addition of pyrroles to 1.

X-ray quality crystals of 2 were grown and the molecular structure determined
by X-ray diffraction (Figure 1). The structure of 2 indicates that conjugation between

the donor (amide) and acceptor (iminium) portions of the polymethine ligand is lost as a
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result of partial sp’—sp® rehybridization of the coordinated alkene. Without this
extended conjugation to help maintain the cyanine’s planarity, a presumed steric
repulsion from the PMe; contributes to a loss of planarity in the cyanine ligand (C1-C2-

C3-C4 dihedral angle 121°).

@

P ; & &
£ @ )
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% % & 7 O? @.S@
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b | ¢ &\b
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Figure 1: Front and side-view ORTEP of 2. The triflate anion and protons have been

omitted for clarity.

We expanded our study to include semi-saturated pyridine complexes. In
particular, the dialkoxylated 5,6-dihydropyridine complex 5, is readily prepared from 1
and Selectfluor’ in MeOH.? True to expectation, the reaction of 5 with indoline or
malononitrile resulted in clean conversion to ring-opened products 6 and 7, according to

Scheme 3. A single crystal of 7 was grown suitable for X-ray analysis, and its molecular
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structure is provided in Figure 2. When the TMS-protected enolate of acetophenone is
added to 1 followed by treatment with KF, dienone 8 is formed in 67% yield. NOE and
coupling data indicate a 3Z,5E s-trans stereochemistry. Finally, a “protected” hydroxy
group can effectively be added by reaction with sodium acetate. Loss of the acetyl group
and ring-opening results in the enal complex 9.

Significantly, in the proton spectra of complexes 6-9, the PMes signal is
unexpectedly broad, suggesting hindered rotation along the W-P axis. The molecular
structure diagrams for 7 and 9 (Figure 2) indicate that the broadening in the proton
spectrum of 6-9 is caused by intramolecular hydrogen bonds between the amide
protons and the vicinal methoxy groups (i.e., C4 in 7 or C2 in 9). This interaction
apparently orients the associated methyl groups such that they interfere with the

phosphine rotation.

Figure 2: ORTEP diagrams of the dinitrile complex 7 and enal complex 9.
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While methods exist to prepare similar cyanines, none of those formed in this
study on tungsten have been reported. Thus, releasing the organic derivative may be of
value in certain cases. Unfortunately, exposure of 2-4 to m-chloroperbenzoic acid
(mCPBA), AgOTf, or stoichiometric or substoichiometric amounts of cerric ammonium
nitrate (CAN) failed to liberate the expected cyanines. Decomplexations of one of the
diether ligands was also explored. A solution of the dinitrile 7 was treated with an
excess of mCPBA in CDCls; and 43% of the ligand was recovered, 10 (Eqn 1). Relevant to
this is a recent study from Comins et al. that demonstrates the value of highly
functionalized piperidines as sources of acyclic amino alcohols via a similar C-N bond

cleavage.’

PMe3
NO OMe
W A OMe  NeT ey
L (S —
5 3 2/ﬁ\ﬂ/Me 2,6-lutidine
O

TMSO

NaOAc Ph/&
15-crown-5

Scheme 3: Ring scission of 3 (cationic complexes have triflate counterions).
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Photolytic Demetallation:

A solution of cyanine complex 2 is an intense yellow with an absorption Ana =
351 nm (MeCN; € = 21,700 cm'lM'l). However, we noted that upon standing in ambient
light this solution slowly turned orange. When a similar solution was protected from
light, no color change or decomposition was detected, even after several weeks and
mild heating.

Irradiation of 2 with 15 W longwave UV lightbulb in CDCI; produce an orange-red
solution after several minutes and a blood red solution overnight (~15 h). Broadening in
the 'H NMR spectrum of the reaction solution suggested the formation of paramagnetic
material, but new chemical shifts including a doublet at 8.35 ppm, triplets at 8.19 ppm
and 6.13 ppm, and several signals around 7.25 ppm signaled the formation of a new
organic compound (11). A series of control experiments determined that light and water
were requirements for satisfactory formation of 11 but that oxygen was detrimental to
its preparation in the presence of light. Proton NMR, HRMS, and UV-vis data (Amax = 525

nm), confirmed that 11 was the indoline cyanine shown below, previously synthesized
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from 1-(2,4-dinitrophenyl)pyridinium chloride.® Repeating the photolysis in the presence

of an excess of free indoline increased the NMR yield of 11 to 80% (Eqn 2).

O
MesP HN
\ No |
W- hv
oV - NN
indoline
2+ 80% 11

OTF @ OTf
Eqn. 2

When solutions of 3 or 4 were subjected to similar photolysis conditions, color
changes were observed, but *H NMR spectra indicated a complex mixture, preventing a
meaningful  quantitative analysis. For comparison, when the complex
TpW(NO)(PMes)(3,4-n*(1-(2-ethylpyridin-1(2H)-yl)ethanone))) was irradiated with
longwave UV light or fluorescent light, liberation of the coordinated dihydropyridine
was not observed.

Of note, irradiation of 2 with a 15 W household compact fluorescent light (CFL)
was sufficient to generate 11. While 11 has been previously synthesized, its
fluorescence has not been previously documented. When irradiated with longwave UV
(490 nm), intense orange fluorescence (Amax = 563 nm) was observed, even at ambient
temperature (~22 °C). Metallocyanines 3 and 4, showed no fluorescence, even at 77 K.

The ability of transition metals to modulate the chemical and photochemical

7 18-24

properties of cyanines,g'lo phthalocyanines,***” porphryins and other highly
conjugated T[—systems16 is well known, but little is known about the effect of a metal on

these systems when dihapto-coordinated (C,C) to a transition metal. Wolczanski et al.
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have reported the ring scission of dihapto-coordinated pyridines bound to Ta,* but no
organic products from these reactions were reported. Also relevant to this work, both
Wigley26 and Mindiola®’ have observed metal insertion into the C-N bond of pyridine,
forming azametallocycles. Synthesizing complexes of functionalized nz—polyenes such as
described herein directly from the polyene ligand would be futile, owing to the many
potential coordination sites and stereochemistries. Considering the non-coplanarity of
the metallated species (2), coordination of the metal to the polyene clearly interrupts

the extended n-conjugation of the cyanine ligand.

Concluding Remarks:

Pyridine ring scission is accomplished within a tungsten coordination complex by
acetylation of the heterocycle followed by addition of the appropriate nucleophile at C2
to form a cyanine or merocyanine complex. The ring-opening is driven by the enhanced
n-acidity of the heteropolyene, relative to its dihydropyridine predecessor, which
stabilizes the m-base.. The resulting products comprise a new type of metallocyanine in
which a conjugated heteropolyene is dihapto-coordinated to a transition metal. In one

case, photolytic conditions resulted in liberation of a highly fluorescent cyanine dye.

Experimental Section:
General Methods. NMR spectra were obtained on a 300 or 500 MHz spectrometer (Varian

INOVA or Bruker Avance). All chemical shifts are reported in ppm. Proton and carbon shifts are

referenced to tetramethylsilane (TMS) utilizing residual 'H or °C signals of the deuterated
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solvents as an internal standard. Phosphorus NMR signals are referenced to 85% H3PO, (6 =
0.00) using a triphenylphosphate external standard (6 = -16.58). Coupling constants (J) are
reported in hertz (Hz). Infrared spectra (IR) were recorded on a MIDAC Prospect Series (Model
PRS) spectrometer as a glaze on a Horizontal Attenuated Total Reflectance (HATR) accessory
(Pike Industries). Electrochemical experiments were performed under a dinitrogen atmosphere
using a BAS Epsilon EC-2000 potentiostat. Cyclic voltammetry data was taken at ambient
temperature (~22 °C) at 100 mV/s in a standard three-electrode cell from +1.7 to —1.7 V with a
glassy carbon working electrode, N,N-dimethylacetamide (DMA) solvent (unless otherwise
specified), and tetrabutylammonium hexaflurophosphate (TBAH) electrolyte (approx. 0.5 M). All
potentials are reported versus NHE (Normal Hydrogen Electrode) using cobaltocenium
hexafluorophosphate (E;/, = -0.78 V), ferrocene (E;/, = +0.55 V), or decamethylferrocene (E;/, =
+0.04 V) as an internal standard. The peak-to-peak separation was 100 mV or less for all
reversible couples. High resolution electrospray ionization mass spectrometry (ESI-MS) analyses
were obtained from the University of lllinois at Urbana-Champaign Mass Spectrometry
Laboratory or at the University of Richmond on a Bruker BioTOF-Q running in ESI mode using a
1:3 water:acetonitrile solution with sodium trifluoroacetate as an internal standard. For
tungsten metal complexes, this data is reported using the five most intense peaks from the
isotopic envelope for either M+ (for monocationic complexes) or for (M+H)* or (M+Na)" (for
neutral complexes). The data is listed as m/z with the intensity relative to the most abundant
peak of the isotopic envelope given in parentheses for both the calculated and observed peaks.
The difference between calculated and observed peaks is reported in ppm. For neutral organic
species, the calculated and observed peaks for (M+H)" or (M+Na)" are reported, with the
difference between them reported in ppm. Unless otherwise noted, all synthetic reactions were

performed in a glovebox under a dry nitrogen atmosphere. When reactions required stirring, a
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magnetic Teflon stirbar was used. UV-Vis measurements were obtained using a Perkin-Elmer
lambda 25 UV-Vis Spectrophotometer or Hitachi-High Technologies Diode Array Bio Photometer
U-0080D. Fluorescence measurements were obtained using a Spex 2+2 Fluorolog
spectrofluorometer with an ozone free mercury arc lamp. A General Electric 15 W fluorescent
light bulb (Helical 15W, 120VAC 60Hz 230mA, FLE15HT3/2/XL/SW) and a General Electric 15 W
F15T8-BLB fluorescent black light (i.e. longwave UV) bulb were used for photolysis experiments.
Drysolve® dichloromethane (DCM) and benzene was purified by passage through a column
packed with activated alumina. Drisolve® THF (tetrahydrofuran) was used as received. Other
solvents and liquid reagents were thoroughly purged with nitrogen prior to use. Deuterated
solvents were used as received from Cambridge Isotopes. Pyrazole, Pz, protons of the (tris-
pyrazolyl)borate, Tp, ligand were uniquely assigned using a combination of 2-dimensional NMR
experiments and phosphorus-proton coupling (Figure S1, see supplemental information).! When
unambiguous assignments were not possible, Pz protons were labeled as Tp protons.
Coordination diastereomers are described by the defining feature’s (i.e. heteroatom’s) proximity
to the PMe; ligand relative to the W-PMe; bond (e.g. the fewer number of bonds from the PMe;
passing through the upper portion of the coordinated ring system to the defining feature

dictates the proximal (P) ligand).

o)
HN
Me;P. o
\ No |
W 4
| oTf
2N
|| 7a
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TpW(NO)(PMe;)(2,3-n*((E)-1-((2Z,42)-5-acetamidopenta-2,4-dienylidene)indolinium)) (OTf). 2.
Indoline (0.470 g, 3.944 mmol) in a DCM (0.85g) solution was added to a deep red homogeneous
solution of 1 (2.005g, 2.590 mmol), DCM (23.67g), and 2,6-lutidine (0.654g, 6.104 mmol) in a
500 mL round bottom flask to become a dark yellow-brown solution within about 2 minutes.
After 15 minutes the reaction solution was slowly diluted with Et,0 (400 mL) to precipitate a
dark yellow solid that was collected on a 30 mL medium porosity fritted funnel. Residual
material remaining in the round bottom flask was redissolved in DCM (~8g), precipitated with
Et,0 (200 mL), collected on the same fritted funnel as the first crop, washed with 2 x 15 mL Et,0
and dried under vacuum (2.028 g, 2.270 mmol, 88 %). Trace indoline impurity was detected by
CV and could be removed by stirring the isolated material in THF (4.66 g). 12 hours later, a bright
yellow solid was collected on a 15 mL medium porosity fritted funnel, washed with 4 x 0.5 g
portions of THF, and placed under vacuum (1.094 g, 1.225mmol, 47%). *H NMR (CDCl;, 6): 9.56
(d, J = 10.7, 1H, Amide-NH) 8.43 (d, J = 2.0, 1H, PzC3), 8.23 (d, J = 11.9, 1H, H1), 8.05 (d, J = 2.0,
1H, PzB3), 7.83 (d, / = 2.0, 1H, PzC5), 7.81 (d, / = 2.0,/ = 2.0, 1H, PzB5), 7.69 (d, J = 2.0,/ = 2.0, 1H,
PzA5), 7.52-7.25 (m, 4H, H4'/H5'/H6'/H7'), 7.19 (d, J = 2.0,J = 2.0, 1H, PzA3), 6.85 (dd, J = 10.7,
9.0, 1H, H5), 6.56 (t, J = 2.0, 1H, PzC4), 6.41 (t, J = 2.0, 1H, PzB4), 6.04 (t, J = 2.0, 1H, PzA4) 5.83
(dd, J=10.7, 9.0, 1H, H4), 4.71 (ddd, J = 10.7, 9.0, 3JPH = 9.9, 1H, H3), 4.24 (dd, J = 10.7, 9.0, 1H,
H2'), 3.42 (dd, J = 11.9, 9.0, 1H, H2), 3.23 (m, 1H, H3'), 2.96 (m, 2H, H2'/H3'), 2.32 (s, 3H, Amide-
Me), 1.22 (d, *Jeu = 9.3, 9H, PMes). *C NMR (CDCls, 8): 170.2 (Amide-CO) 159.6 (C1), 144.2/144.1
(PzA3/PzB3/PzC3), 140.6 (C4a'), 137.7/137.6  (PzA5/PzB5/PzC5), 133.3  (C7a'),
129.0/127.9/126.8/111.5 (C4'/C5'/C6'/C7'), 124.9 (C5), 109.8 (C4), 108.3 (PzC4), 107.7 (PzB4),
106.4 (PzA4), 66.9 (d, Joc = 12.5, C3) 65.3 (C2), 49.4 (C2'), 27.4 (C3'), 23.1 (Amide-Me), 12.9 (d, Jpc
=31.3, PMe3). **P NMR (CDCls, 6): -5.39 (Jwp = 288). CV: £,, = +1.13 V. IR: vy = 2499 cm™, vyo =

1608 cm™, Viminium =1566 cm'l, v=1685 cm™, v= 1643 cm™. ESI-MS: obs'd (%), calc'd (%), ppm,
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M*: 742.2294 (80.6), 742.231 (81.4), 2.1; 743.232 (78.8), 743.2335 (81.3), 2.0; 744.2323 (100),
744.2335 (100), 1.6; 745.2357 (45), 745.2373 (47), 2.1; 746.2352 (67.2), 746.2367 (82.5), 2.0.

UV-Vis (MeCN; A, nm (g, cm™ M™): 229 (33,900), 351 (21,700).

NC”~ "CN
TpW(NO)(PMe;)(3,4-n*-(N-((1Z,32)-6,6-dicyanohexa-1,3,5-trienyl)acetamide). 3. Under a
nitrogen atmosphere, 2,6-lutidine (0.040 g, 0.373 mmol) was added to ~2 mL DCM, followed by
the addition of malononitrile (0.022 g, 0.333 mmol). 1 (0.201 g, 0.259 mmol) was added to the
reaction mixture, resulting in a red solution that turned a deep yellow brown within ~30 s of
addition of 1. After stirring for 45 minutes, the reaction flask was removed from the nitrogen
atmosphere. The solution was extracted with 3 x 2 mL of 1 M NaOH (aq). The organic and
aqueous layers were collected separately, and the aqueous layer, which was light pink in color,
was back extracted with 2 mL DCM_ The aqueous layer was then discarded and the organic layer,
which was a heterogenous mixture of a brown solution and yellow solid, was evaporated to ~1
mL using a weak N, stream. The heterogenous solution was filtered through a 15 mL medium
porosity fritted funnel. A yellow solid was collected, and it was subsequently stirred in a small
amount of CDCl;, resulting in a yellow heterogenous solution. The mixture was filtered through
a 2mL medium porosity fritted funnel. A yellow solid was collected and dessicated in vacuo to a
constant mass of 0.063 g (0.075 mmol, 29%). 'H NMR (DMSO-d, 8): 9.70 (d, J=10.7 Hz, 1H,
Amide-NH) , 7.65 (d, J=12.7 Hz, 1H, H5), 6.45 (buried, H1), 5.54 (dd, J=9.2 Hz, 11.0 Hz, 1H, H3),
4.15 (ddd, J=11.0, 10.7, 9.2 Hz. 1H), ~2.50 (buried, H4), 2.09 (s, 3H, amide methyl protons), 8.21,

8.13, 8.09, 8.05, 7.53 (Tp doublets, 6H), 6.59, 6.47 (Tp triplets, 3H). *C NMR (DMSO-ds, 5):
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173.4/167.4 ( Amide-CO/C5), 145.4 (Tp), 142.6 (Tp), 142.5 (Tp), 138.7 (Tp), 138.6 (Tp), 138.3
(Tp), 120.7 (C1), 116.3 (CN), 114.1 (CN’), 112.2 (C2), 108.2 (Tp), 107.7 (Tp), 107.1 (Tp), 68.2 (C6),
64.8 (C4), 63.8 (d, J = 11.8, C3), 22.8 (Amide-Me), 11.7 (d, J = 30.7, PMes). **P NMR (DMSO-d;, 8):
-4.77 (Jwp = 285 Hz). CV (DMSO): E,, = +0.90 V. IR: vy = 2515 cm™, vy = 2210 cm™, 2217 cm™,
Wo = 1585 cm™, v=1693 cm™, v= 1639 cm™, v= 1527 cm™. ESI-MS: obs'd (%), calc'd (%), ppm,
(M+Na)*: 711.159 (81.4), 711.1612 (83.9), 3.1; 712.1616 (81.5), 712.1637 (80.4), 2.9; 713.1627
(100), 713.1635 (100), 1.2; 714.1667 (44.2), 714.1676 (43.8), 1.3; 715.1669 (90.3), 715.1668

(83.6), 0.2. UV-Vis (MeCN; A, nm (g, cm™ M™): 227 (38,500), 325 nm (22,600).

TpW(NO)(PMe;)(2',3"-n*-((E)-2'-((2'Z,4'2)-5'"-acetamidopenta-2',4'-dienylidene)-3,5-dimethyl-

2H-pyrrolium))(OTf). 4. 2,4-dimethyl-pyrrole (0.190 g, 1.997 mmol) in DCM (4.63 g) was added
to a vial containing 1 (0.400 g, 0.517 mmol) to make a deep red homogeneous solution. After 2
hours, the solution was transferred to a 50 mL Erlenmeyer flask with additional DCM (4.6 g) and
diluted slowly with Et,0 (20 mL) to precipitate an orange-red solid which was removed via
filtration of a 15 mL medium porosity fritted funnel. The solid was washed with Et,0 (40 mL).
The filtrate solvent was removed in vacuo and the precipitate that was in the solution became a
residue upon concentration. The residue was dissolved in DCM (8.6 g), diluted with Et,0 (20 mL),
followed by hexanes (120 mL), to precipitate a bright orange-red solid that was collected on a 15
mL medium porosity fritted funnel. The solid was washed with 2 x 5 mL hexanes and placed

under vacuum to remove residual solvents (0.237 g, 0.273 mmol, 53 %). 'H NMR (CDCls, &):
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10.18 (br-s, 1H, Pyrrole-NH) 9.06 (d, /= 10.7, 1H, Amide-NH), 8.26 (d, /= 2.0, 1H, PzC3), 8.02 (d, J
= 2.0, 1H, PzB3), 7.85 (d, J = 13.9, 1H, H1'), 7.8 (d, J = 2.0, 1H, PzC5), 7.78 (d, J = 2.0, 1H, PzB5),
6.88 (d, J = 2.0, 1H, PzA3), 6.86 (dd, J = 10.2, 8.9, 1H, H5'), 6.5 (t, J = 2.0, 1H, PzC4), 6.38 (t, J =
2.0, 1H, PzB4), 6.07 (s, 1H, H4), 5.95 (t, J = 8.9, 1H, H4') 5.87 (t, J = 2.0, 1H, PzA4), 4.55 (dt, *Jpy =
11.2, J=8.7, 1H, H3'"), 4.39 (dd, J = 13.9, 8.7, 1H, H2'), 2.39 (s, 3H, C5-Me), 2.20 (s, 3H, Amide-
Me), 2.18 (s, 3H, C3-Me), 1.14 (d, Jpu = 9.2, 9H, PMe;). °C NMR (CDCls, 6): 169.9 (Amide-CO)
155.1 (C1'), 150.1 (C3), 144.3 (PzB3), 143.4 (PzC3), 142.6 (PzA3), 139.7 (C5), 137.9/137.7
(PzB5/PzC5), 137.4 (PzA5), 133.7 (C1'), 125.7 (C5'), 116.0 (C4), 111.1 (C4') 107.9 (PzC4), 107.8
(PzB4), 105.1 (PzA4), 78.3 (C2'), 70.7 (d, *Jpc = 13.5, C3'), 23.0 (Amide-Me), 13.9 (C3-Me), 12.7 (d,
Joc = 31.0, PMes), 11.8 (C5-Me). *'P NMR (CDCl, 6): -5.46 (Jyp = 282). CV: E,, = +0.96 V. IR: vy =
2499 cm™, W = 1608 cm™, v=1678 cm™, v=1643 cm™ v =1589 cm™. ESI-MS: obs'd (%), calc'd
(%), ppm, M*: 718.2303 (66.2), 718.2310 (82.4), 0.9; 719.2327 (78.8), 719.2335 (81.0), 1.0;
720.2310 (100), 720.2334 (100), 3.3; 721.2346 (42.7), 721.2373 (45.7), 3.8; 722.2357 (79.2),

722.2366 (82.9), 1.3. UV-Vis (MeCN; A, nm (g, cm™ M™): 227 (30,800), 426 nm (20,200).

MesP,
e3 \ \\\\NO O/ | OT#
W, )
S
Tp \| HN<o
|

D
TpW(NO)(PMe;)(2,3-77°-((E)-1-((2)-5-acetamido-4,5-dimethoxypent-2-
enylidene)indolinium))(OTf). 6. Indoline (0.047 g, 0.395 mmol) was dissolved in CH3;CN (0.620
g). The resulting orange homogeneous solution was added to a pre-weighed vial containing 5
(0.055 g, 0.0658 mmol). The resulting yellow-orange solution was allowed to react at ambient

temperature for 2 h. After 2h, the solution was concentrated to a residue and re-solvated with

CH,Cl, and filtered through a celite plug. The organic solution was concentrated to a residue.
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The residue was re-dissolved with THF (0.5 g) and added to 75 mL of a stirring hexanes solution.
A fine yellow precipitate was isolated by filtering the hexanes solution through a 15 mL fine
porosity fritted funnel and was stored in vacuo for an isolated yield of 84% (0.053 g, 0.0642
mmol). "H NMR (CD,CN, 8): 8.12 (1H, d, J = 12.1, H1), 8.06 (1H, d, J = 2.0, Tp), 8.01 (1H, d, J = 2.0,
Tp), 7.93 (1H, d, J = 2.0, Tp), 7.83 (1H, d, J = 2.0, Tp), 7.67 (1H, d, J = 2.0, Tp), 7.60 (1H, d, J = 8.1,
Ar), 7.42 (1H, t, J = 8.1, 15.6, Ar), 7.36 (1H, d, J = 7.5, Ar), 7.26 (1H, t, J = 7.5, 15.6, Ar), 6.98 (1H,
d,J=2.0,Tp), 6.97 (1H, d, J = 9.6, NH), 6.51 (1H, t, J = 2.0, Tp), 6.43 (1H, t, J = 2.0, Tp), 5.91 (1H,
d,J=2.0,Tp), 5.47 (1H, dd, J = 1.1, 9.6, H5), 3.93 (1H, ddd, J = 1.1, 5.9, 8.4, H4), 3.79 (1H, m, aH
to indoline), 3.72 (3H, s, C4- OCHs), 3.36 (3H, s, C5-OCHs), 3.05 (1H, ddd, J = 5.4, 10.2, 16.2, BH
on indoline), 2.76 (1H, m, H2), 2.69 (1H, m, BH on indoline), 2.20 (1H, m, aH to indoline), 1.95
(3H, s, Acyl-Me), 1.10 (9H, broad singlet, PMes). *C NMR (CDsCN, §): 170.1 (Amide-CO), 154.5
(Tp), 145.5 (Tp), 143.9 (Tp), 141.3 (Tp), 138.7 (Tp), 138.5 (Tp), 138.0 (Tp), 128.5 (Ar), 127.3 (Ar),
126.5 (Ar), 111.3 (Ar), 107.5 (Tp), 107.1 (Tp), 106.3 (Tp), 86.6 (C5), 83.2 (C4), 70.1 (d, J = 14.4,
C3), 65.5 (C2), 58.8 (C4-OCH;), 55.3 (C5-0OCH;s), 48.4 (C-a. indoline protons), 26.7 (C- indoline),
22.1 (N-acyl), 12.5 (d, J = 33.2, PMes,). *'P NMR (CD5CN, 8): -6.10 ppm (Jwp= 289). IR: veo = 1724
cm™, Vamige = 1643 cm™, Vo = 1570 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M-OTf)*: 804.2679
(77.4), 804.2684 (79.9), 0.6; 805.2707 (79.9), 805.2709 (81.4), 0.2; 806.2682 (100), 806.2709

(100), 3.3; 807.2662 (48.1), 807.2747 (48.6), 10.5; 808.2709 (79.9), 808.2741 (82.1), 4.0.

Me,R,
’ \ \\\NO O/ I

™ \|HNO
X

TpW(NO)(PMe;)(3,4-77°-N-((Z)-N-(6,6-dicyano-1,2-dimethoxyhexa-3,5-dienyl)acetamide). 7.

Malononitrile (0.036 g, 0.545 mmol) was solvated with a minimal amount of THF and added to a
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pre-weighed vial containing NaH (0.010 g, 0.365 mmol). The resulting homogeneous solution
was added to 5 (0.152 g, 0.182 mmol) and allowed to react at ambient temperature for 2 h.
After 2h, the solution was concentrated to a residue and re-solvated with a minimal amount of
DCM and filtered through a celite plug. The organic solution was concentrated to a residue. The
residue was re-dissolved with THF (0.5 g) and added to 75 mL of a stirring hexanes solution. A
fine yellow precipitate, 7 was isolated by filtering the hexanes solution through a 15 mL fine
porosity fritted funnel and was stored in vacuo for an isolated yield of 72% (0.119 g, 0.159
mmol). 'H NMR (Acetone-dg, 8): 8.14 ppm (1H, d, J =J = 2.0, Tp), 8.08 (1H, d, J = 2.0, Tp), 8.06
(1H,d, J=2.0, Tp), 7.94 (1H, d, J = 2.0, Tp), 7.66 (1H, d, J = 2.0, Tp), 7.60 (1H, d, J = 13.0, H5), 7.54
(1H,d,J=2.0,Tp), 7.47 (1H, d, J = 6.1, NH), 6.50 (1H, t, J = 2.1, 4.4, Tp), 6.45 (1H, t, J = 2.3, 4.4,
Tp), 6.42 (1H,d, J = 2.3, 4.6, Tp), 5.48 (1H, dd, J = 1.6, 9.6, H1), 3.88 (1H, dd, J = 1.6, 11.0, H2),
3.79 (1H, dd, J=9.5, 12.8, H3), 3.68 (3H, s, C2-OCH3), 3.41 (3H, s, C1-OCHs), 2.67 (1H, dd, J =9.5,
13.0, H4), 2.08 (3H, s, Acyl-Me), 1.14 (9H, broad singlet, PMes). *C NMR (Acetone-d;, 8): 170.1
(Amide-CO), 144.1 (2Tp), 141.0 (Tp), 138.1 (Tp), 137.8 (Tp), 137.7 (Tp), 116.9 (CN), 114.1 (CN)
107.8 (Tp), 107.4 (Tp), 106.4 (Tp), 87.1 (C1), 84.6 (C2), 69.1 (C6), 68.5 (d, J = 15.1, C3), 66.1 (C4),
59.1 (C2-OCH;), 55.7 (C1-OCHs), 22.6 (Acyl-Me), 13.1 (d, J = 30.6, PMes). *'P NMR (Acetone-ds,
5): -8.82 ppm (Jwp= 287). IR: Vo = 1724 cm™, Vymice = 1643 cm™, Wy = 1570 cm™. ESI-MS: obs'd
(%), calc'd (%), ppm, (M+H)": 751.2189 (84.2), 751.2166 (82.4), 3.1; 752.2172 (84.9), 752.2191
(80.6), 2.5; 753.2218 (100), 753.2191 (100), 3.6; 754.2214 (50.1), 754.223 (45.4), 2.1; 755.2216

(85.2), 755.2223 (83.2), 0.9.
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TpW(NO)(PMe;)(3,4-77-N-((3Z,5E)-1,2-dimethoxy-7-oxo-7-phenylhepta-3,5-dienyl)acetamide).
8. 1-phenyl-1-trimethylsiloxyethylene (0.108 g, 0.562 mmol) was dissolved in CH;CN (0.880 g).
The resulting homogeneous solution was added to a pre-weighed vial containing 5 (0.094 g,
0.112 mmol) and potassium fluoride (0.052 g, 0.896 mmol). The resulting yellow-orange solution
was allowed to react at ambient temperature for 2 h. After 2h, the solution was diluted with 20
mL of DCM and washed with 5 mL of H,0. The resulting organic layer was dried with MgSO, and
filtered over a 15 mL fine porosity fritted funnel. The yellow organic solution was concentrated
to a residue. The residue was re-solvated with 1 mL of DCM and purified with silica
chromatography (R: 0.41 in 30% CH3;CN/Et,0). Compound 8 was collected and isolated as a
bright yellow residue, for an isolated yield of 67% (0.060 g, 0.0753 mmol). '"H NMR (CDCls, §):
8.05 (1H, d,J=2.0, Tp), 7.99 (1H, dd, J = 12.5, 14.3, H5), 7.86 (2H, d, J = 7.0, Ar), 7.75 (2H, m, Tp),
7.65 (1H, d, J = 2.0, Tp), 7.57 (1H, d, J = 2.0, Tp), 7.45 (2H, m, Ar), 7.37 (1H, m, Ar), 7.33 (1H, d, J =
1.7, Tp), 6.54 (1H, d, J = 9.8, NH), 6.34 (1H, t, J = 2.0, Tp), 6.29 (1H, t, J = 2.0, Tp), 6.25 (1H, d, J =
14.3, H6), 6.00 (1H, t, J = 2.0, Tp), 5.54 (1H, d, J = 9.8, H1), 3.91 (1H, d, J = 10.3, H2), 3.68 (3H, s,
C2-0CHs), 3.51(3H, s, C1-OCH;s), 3.43 (1H, dd, J = 10.3, 11.5, H3), 2.29 (1H, dd, J = 11.5, 12.5, H4),
1.97 (3H, s, Acyl-Me), 1.04 (9H, broad singlet, PMes). *C NMR (CDCl, 8): 187.8 (C7-CO), 170.9
(Amide-CO), 158.7 (C5), 145.4 (Tp), 143.2 (Tp), 139.9 (Tp), 136.8 (Ar), 136.2 (Tp), 131.6 (Ar),
128.4 (Ar), 128.3 (Ar), 120.2 (C6), 107.3 (Tp), 106.6 (Tp), 105.7 (Tp), 84.4 (C1/C2), 63.8 (C4), 63.6
(d, J=13.0, C3) 58.8 (C2-OCH;), 57.3 (C1-OCHs), 22.1 (Acyl-Me), 13.7 (d, J = 29.9, PMes). *'P NMR
(CH5CN): -8.62 ppm (Jwe= 286). IR: Veo = 1724 cm™, Vamige = 1643 cm™, 1o = 1570 cm™. ESI-MS:
obs'd (%), calc'd (%), ppm, (M+H)": 805.2496 (79.1), 805.2524 (80.0), 3.5; 806.2516 (84.1),
806.2549 (79.4), 4.1; 807.2516 (100), 807.2549 (100), 4.1; 808.2563 (48.4), 808.2587 (48.5), 3.0;

809.2542 (80.0), 809.2581 (82.3), 4.8.
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TpW(NO)(PMe;)(3,4-77°-((2)-N-(1,2-dimethoxy-5-oxopent-3-enyl)acetamide)). 9. A solution of
15-crown-5 (0.065 g, 0.295 mmol) and 5 (0.061 g, 0.0729 mmol) in CH3;CN (0.571 g) was added
to a 4-dram vial containing sodium acetate (0.036 g, 0.439 mmol) to turn red-brown instantly.
After 6 hours, the resulting solution was concentrated and re-solvated with a minimal amount of
DCM, filtered through a celite plug, the solvent evaporated, and the residue was purified via
silica preparatory TLC (500 um plate, 60% CH;CN/Et,0) (0.029 g, 0.411 mmol, with 15 mol %
impurity of 15-crown-5; 0.027 mg, 0.0391 mmol, 54 % yield after adjustment for impurity). 'H
NMR (Acetone-dg, 8): 9.34 ppm (1H, d, J = 8.2, H5) 8.17 ppm (1H, d, J = 2.0, Tp), 8.06 (1H, d, J =
2.0, Tp), 7.99 (1H, d, J = 2.0, Tp), 7.78 (1H, d, J = 2.0, Tp), 7.68 (1H, d, J = 2.0, Tp), 7.44 (1H, d, J =
2.0, Tp), 7.32 (1H, d, J = 8.7, NH), 6.50 (1H, t, J = 2.0, Tp), 6.45 (1H, t, J = 2.0, Tp), 6.42 (1H, d, J =
2.0, Tp), 5.55 (1H, dd, J = 1.1, 9.6, H1), 4.38 (1H, d, J = 11.1, H2), 3.65 (3H, s, C2-OCHs), 3.36 (3H,
s, C1-OCHs), 3.30 (1H, dd, J = 10.8, *Jpy = 23.4, H3), 2.04 (4H, m, Acyl-Me/H4), 1.07 (9H, broad

singlet, PMes). *'P NMR (Acetone-ds, 8): -8.34 ppm (Juwp= 286) IR: Vo = 1654 cm™, vyo = 1558 cm’

1

(2)-N-(6,6-dicyano-1,2-dimethoxyhexa-3,5-dienyl)acetamide (10). 5 (0.107 g, 0.142 mmol) was
added to a vial containing recrystallized mCPBA (0.125 g, 0.727 mmol). The reagents were

dissolved in CDCl; (1.8 g) and allowed to react at ambient temperature for 6 h. The resulting
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homogeneous solution was diluted with 20 ml of DCM and washed with a NaHCO; (saturated,
ageous) solution. The resulting organic was extracted, dried with MgSO, and filtered over a 15
mL fine porosity fritted funnel. The yellow organic solution was concentrated to a residue. The
residue was re-solvated with 1 mL of DCM and purified with silica chromatography and
concentrated to a yellow residue, (0.015 g, 0.0612 mmol, 43% yield) (Rs: 0.38 in 5% CH3;CN/Et,0).
"H NMR (CDCls, 8): 7.49 (1H, d, J = 11.7, H5), 6.82 (1H, dd, J = 11.7, 15.3, H4), 6.41 (1H, dd, J =
5.6, 15.3, H3), 6.02 (1H, d, J=10.1, NH), 5.21 (1H, dd, J = 1.0, 10.1, H1), 4.12 (1H, dd, /= 1.0, 5.6,
H2), 3.48 (3H, s, C2-OCHs), 3.37 (3H, s, C1-OCH;), 2.05 (3H, s, Acyl-Me). **C NMR (CDCls, §): 170.9
(Amide-CO), 159.1 (C5), 149.2/127.1 (C3/C4), 112.9 (CN), 111.2 (CN), 86.3 (C6), 82.0 (C1), 81.5
(C2), 59.5 (C2-OCHs), 56.4 (C1-OCHs), 23.6 (C8-N-acyl). IR: vy = 2233 cm™, Vamice = 1666 cm ™. ESI-
MS: obs'd (%), calc'd (%), ppm, (M+Na)*: 272.1047 (100), 272.1035 (100), 4.4.
“OTf

NENANAN

(E)-1-((2E,4E)-5-(indolin-1-yl)penta-2,4-dien-1-ylidene)indolin-1-ium triflate. 11. A solution of
indoline (0.0067 g, 0.056 mmol) in CDCl; (1.32 g) was added to a flame dried test tube
containing 2 (0.101 g, 0.113 mmol) and CDCl; (8.98 g) to make a deep yellow homogeneous
solution. The test tube cap was tightly screwed on using Teflon tape and the cap was wrapped
with parafilm and electrical tape twice. The sample was irradiated with a 15 watt blacklight bulb.
After 46 hours, the reaction solvent was removed. The solid was partially dissolved in DCM (2
mL), and acetone (10 mL) was added. The solution was cooled to 0 °C for a few minutes. The
solvent was removed and acetone (2 mL) was added to the flask to precipitate a purple solid.
The solid was collected on a 15 mL medium porosity fritted funnel and dried under vacuum

(0.0081 g, 0.0180 mmol, 16%). ‘H NMR indicates pure product was present. 'H coupling
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constant data matches that of the previously published compound.® Additional material could
be isolated with some impurities by stirring the filtrate residue in THF (2 mL, 0.0075 g, 0.017
mmol, 15% without adjustment for impurity). Fluorescence Experiment: When the sample was
dissolved in CHCl; and placed in a quartz cuvette and excited with 490 nm light, an orange
fluorescence was observed (Aeycitation = 490 Nm; Emission Amax= 563 nm). ESI-MS: obs'd (%), calc'd

(%), ppm, M*: 301.1698 (100), 301.1699 (100), 0.3.
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Chapter 7

Hyper-Distorted Tungsten Allyl Complexes

and their Stereoselective Deprotonation to

Form Dihapto-Coordinated Dienes
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Introduction:

Our ongoing interest in the activation of aromatic molecules by n-basic transition
metals such as {Os(NH3)s}*",*? {TpRe(CO)(Melm)} (Melm = N-methylimidazole; Tp =
hydridotris(pyrazolyl)borate),3’4 and{TpW(NO)(PMeg)},3'4 has led us to explore the
feasibility of 1,2- and 1,4-tandem addition reactions of cyclic n>-diene complexes.”” The
ability of a transition metal complex to alter or promote organic reactions of conjugated
dienes has been well documented,® but in the vast majority of cases, the diene is bound

11-14

through all four carbons. By comparison, less is understood about the ability of an

n’-coordinated metal to affect ligand-based reactions in such complexes, especially in

#1518 previously, we have demonstrated that

the uncoordinated portion of the diene.
dihapto-coordinated cyclic 1,3-dienes can undergo both 1,2- and 1,4- tandem addition
reactions of electrophiles followed by nucleophiles. While both addition reactions occur
to the face of the diene opposite to that which is coordinated,”” the ability to control
the absolute stereochemistry of this reaction sequence ultimately relies not only on
access to an enantio-enriched, chiral m-base (M*),17'19 but also on being able to obtain a
single coordination diastereomer of the diene precursor (Scheme 1). Unfortunately, for
TpW(NO) and TpMo(NO) systems, syntheses of such materials directly from organic

diene precursors typically result in mixtures of coordination diastereomers.>*%%
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Scheme 1: Enantioselective functionalization of cyclohexadiene.

The ability of an asymmetric complexing agent to control the regiochemistry of

nucleophilic addition to an allyl ligand has been widely demonstrated.”?® We

speculated that the same factors responsible for governing this reaction might be used

to control a stereoselective deprotonation of a m-allyl complex, thereby rendering an n’-

diene complex formed in high diastereomeric excess (Egn. 1).

SOET NI
Egn 1.
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Results and Discussion:

Examples of m-allyl complexes undergoing deprotonation to form diene complexes are
rare,” especially for cases in which the resulting diene is dihapto-coordinated. However,
the allyl complex [TpMo(NO)(Melm)(r-CsHs)]" (1) has been reported to readily undergo
deprotonation (pK, ~ 2) to form the corresponding n’-diene complex (2) as a mixture of
coordination diastereomers.”*® We chose for our initial studies to pursue the tungsten
analog [TpW(NO)(PMejs)(rm-CeHs)]® (3) because of its anticipated improved kinetic
stability compared to 2, and the availability of several related systems featuring an nz-

diene linkage prepared from aromatic precursors (Scheme 2).%%%%

Melrln Melm MGIT 1*
/MO..n\ NO l .“\\NO H+ MO"“‘NO
+  Tp° N\
I 1+
'\DM% Me;zP ) Me3P
/W{.\\NO v\v .NO H | W\NO
T —> NG
P + TP7 N\ TP
I 1+ MezP It
MezP MezP . P o
\ o\ NO H- \ ‘\\\NO H \ _‘\\\
. . s W

/W —> /W Tp/ N
LIRS I N LI | X {/
6 _NAc 7 NAC 5 NAC

Scheme 2: Synthesis of 6-membered cyclic allyl complexes.



241

l. Stereoselective Preparation of nz-diene Complexes.

Our studies commenced with the preparation of the nz—cyclohexadiene complex
TpW(NO)(PM@g)(?]Z-CGHg) (4d, 4p)32 from its benzene precursor, TpW(NO)(PMeg)(nz—
CeHg), in 36% vyield as a 1.1:1 mixture of coordination diastereomers (4d, 4p).2** This
diastereomeric mixture of diene complexes was then treated with a solution of triflic
acid (HOTf) in acetonitrile (MeCN) to produce the m-allyl complex [TpW(NO)(PMes)(r-
CeHo)]OTF (3). Alternatively, pure compound 3 could be isolated in 61% yield by
collecting the yellow solid that spontaneously precipitated from a one-pot reaction
sequence (starting from TpW(NO)(PME3)(T72-C6H5)). As with its molybdenum congener
1,%® the acidity of allyl complex 3 could be estimated (pK, (omso) of ~7.0) by observing the
reaction of 4 with various acids. Treating 3 with various amine bases (e.g., 1,8-
diaza[5.4.0]bicycloundecene (DBU), N,N-diisopropylethylamine (DIEA), 2,6-lutidine,
morpholine, aniline) gave dienes 4d and 4p in varying ratios. In general, weaker bases
gave lower coordination diastereomer ratios (cdr) and stronger bases led to an
increased amount of 4d (>10:1). The reaction with the non-nucleophilic base NaH also
delivered diene 4, but in a modest cdr of only 4:1 (d:p). Ultimately, we settled on
reaction conditions that incorporated DBU, which gave the highest isolated yield of 91%
(dr =10:1). NOE experiments confirmed that the uncoordinated diene in 4d is distal to
the PMesz group (Scheme 3). Allowing a CDCl; solution of 4d to stand at ambient
conditions in the presence of DBUH" forms an equilibrium mixture of 1.1:1 (4d : 4p) over

a period of several days (AG = 0.2 kcal/mol).
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Interestingly, >'P and *H NMR data revealed that immediately after the addition
of either DBU or DMAP to allyl 3, a third compound was present in the crude reaction
mixture, which converted to 4d and 4p over several days. We speculate that these
intermediates (8a, 8b) are likely to be the addition products shown in Scheme 3, but
facile elimination prevented their full characterization. In contrast, the addition of PMe3
to allyl 3 generated phosphonium complex 8c stereoselectively, which was isolated and

fully characterized.

+
MegP Me3P M93P
WNO o ~NO WNO
/ N A— / N9t / N
In -H
(only for 3) )n
- 3(n=1) - 4d (n = 1) 4p (n=1)
9(n=0) 10d (n = 0) 10p (n=0)
4d:4p = 10:1 (from 3, 8a, or 8b)
Nu or 1.1:1 at equilibrium
B 1+
Me3P
WNO - HNu*
for 8a, 8b
/ \ ), ( )
a Nu=DBU
8a-c b Nu = DMAP
¢ Nu = PMe;

Scheme 3: Stereoselective synthesis of nz—cyclohexadiene complexes.

Cyclopentadiene also forms a complex with {TpW(NO)(PMe3s)} in which the diene
is dihapto-coordinated (10).>* As with the cyclohexadiene analogs, the initially formed

coordination diastereomer ratio of the isolated mixture is low (2.3:1). Protonation of
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this mixture produces a single diastereomer of the allyl complex 9. However, the
reaction of 9 with any of the bases mentioned above failed to return any of the
cyclopentadiene complex 10 (see Scheme 3). Rather, *'P NMR spectroscopic data (& and
Jwp) are consistent with nucleophilic addition products similar to 8a-c, which failed to
eliminate even when exposed to 1M NaOH (aq). Their identities were not pursued
further.

Dihydropyridine complexes of {TpW(NO)(PMes)} provide another context where
a method for the stereoselective formation of n>-diene complexes could have synthetic
implications (see Scheme 1),%° as a wide variety of such complexes are readily available

from the acetylpyridinium complex 6.3%%°

Protonation of the parent 1l-acetyl-1,2-
dihydropyridine 7p results in the m-allyl species 5 (Scheme 4). The reaction of the allyl
complex 5 with a broad range of nucleophiles results exclusively in nucleophilic addition
to the allylic carbon distal to the phosphine.* The acid-catalyzed equilibration of 7p and 7d
provides a 1:1 ratio of these coordination diastereomers (cdr). However, the treatment of
allyl 5 (pK; ~ 4.5) with a variety of bases (e.g., DBU, DIEA, 2,6-lutidine, morpholine)
effects deprotonation to form 7d in preference to 7p. Best results were obtained using
morpholine in MeCN, where spontaneous precipitation resulted in analytically pure 7d
(dr >20:1; 72% vyield). We speculate that differences in the relative ease of
deprotonation for the six-membered allyls (3 and 5) and their five-membered analog (9)

is a result of the greater ring-strain encountered for cyclopentadiene compared to its

cyclohexyl counterpart.
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Scheme 4: Synthesis of 5 and its stereoselective nucleophilic addition and

deprotonation.

Il. Structural Analysis of TpW(NO)(PMe3s)(rt-allyl) complexes.

Given the prominent role of m-allyl intermediates in nz—aromatic chemistry,3’4
and their potential as synthons for nz—dienes (vide supra), we sought to understand
better the structural features of the TpW(NO)(PMes)(mt-allyl) complexes. X-ray data
were obtained from single crystals of allyl complexes 3 and 5. The resulting molecular
structure determinations reveal that C2 and C3 (Figure 1) are nearly equidistant from
the tungsten center (ranging from 2.28-2.31 A), with the W-C1 distance markedly
elongated (2.60 A for 3; 2.59 A for 5). *H and *C NMR spectroscopic data also indicate a
stark contrast between the two terminal carbons of the allyl ligand [e.g., for 3: (*H,**C
ppm) C3: 4.38, 70.0; C1: 6.59, 138.3], which suggested a buildup of positive charge at

the C1 terminus. Similar structural features were observed for the molybdenum system

1, in which the Mo-C1 bond was determined to be 2.64 A (cf. 2.33 A for C2 and C3).° In
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Figure 1 W-C distances of the m-allyl complexes (3, 5) are compared to the limiting case
of the nz—bound dihydropyridine 7d in which bonding to the allylic carbon would be

considered non-existent.

@[ . .f}";" 7d & 5

Figure 1: ORTEP diagrams (30% probability) for allyl complexes [TpW(NO)(PMes)(m-
CeHo)]OTH, 3, and [TpW(NO)(PMes)(m-C;H1oNO)]OTS, 5, showing n3—>n2 distortion (OTf
omitted), and the dihydropyridine complex TpW(NO)(PMeg)(772-C7H9NO),7d, for

comparison. See Table 1 for additional pertinent bond distances.
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While other groups have documented “c-n” or “n*—n*” n-allyl complexes,?®3**

differences between the M-C bond lengths of the terminal allylic carbons in these
species tend to be less than 0.2 A. Yet, Legzdins et al. have observed more significant
deviations in complexes of the form Cp*W(NO)(R)(T[—CHZCHC(MG)Z).36’39 The authors
attribute the unusually large distortions (e.g., R = CH,TMS, A = 0.69 A) to steric factors.*
The o-mt distortion formalism describes the metal as forming a sigma bond with one
terminal carbon (C3), and a dative bond with the remaining two carbons of the allyl
ligand (C2=C1). Of course, the closely related {TpW(NO)(PMes)} systems could also be

described this way (Eqn 2).

Me,P +
3\ \\NO Me3P M63P
s )
"N = O S
2
" . _ 1 "n3-n? +
o—n distortion distortion H

Egn 2.
However, the alternative representation of a W(0) center with an nz—distorted
allyl cation is appealing as it readily provides a foundation for the observed reactivity
with nucleophiles and bases as well as for the observed structural and spectroscopic
features. For example, the W-C2 (2.30 A) and W-C3 (2.31 A) bond lengths of 3 or 5 are
virtually identical, and are only ~0.05 A longer than typical alkene complexes of the form
TpW(NO)(PMes)(L) (e.g., L = cyclopentene) or for the diene complex 7p (Figure 1); the
C2-C3 bond distance of 1.43 A is also in the range of typical alkene complexes of the

{TPW(NO)(PMe3)} system.®'3%0 Most significantly, the purported cationic character of
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the C1 terminus in 3 and 5 provides a convenient rationale for the observed

stereoselectivity of the deprotonation reaction (Eqn 3).*

Me3P M93F\) NOH Vs pro 4p Megp
\ “\\NO o H l ‘\\\NO
W T AN, —_— W,
O Arase®
i H
4p (disfavored) 3 N pro4d  4d (favored) Eqn 3.

If the n°—n” distortion is directly correlated to the cationic character at C1, then
it stands to reason that the n3—>n2 distortion should be strongly influenced by
substituents of C1 that can stabilize carbocation character. Thus, the addition of alkyl
groups would be expected to enhance the allyl distortion. As a means of testing this
hypothesis, the parent m-allyl complex 11 and an alkylated variant 12 were synthesized.
The parent allyl 11 was generated from TpW(NO)(PMeg)(nz-benzene) and diallyl ether,
while the trimethylated allyl 12 was prepared using 2,3-dimethylbutadiene (Scheme 5).
In both cases these allyl complexes exist in solution as mixtures of two diastereomers
(vide infra), in which the allyl group opens out toward (exo) or away (endo) from the
nitrosyl. No chemical exchange was observed for the two isomers of 11 or 12 in NOESY
experiments, and heating solutions of these complexes to 102 °C (DMF-d;) failed to alter
the shape of the signals for the two isomers, indicating a high exo/endo isomerization
barrier. However, allowing a sample to stand (12 h, 20 °C) resulted in a shift in the ratio
of isomers to favor the more bulky dimethylbutyl analog (12) from an initial ratio of 1:1

to an equilibrium value of about 2:1 favoring the exo-12 isomer.
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Crystals of 11 and 12 suitable for X-ray analysis were grown, and their molecular

structures were determined (Figure 2). Interestingly, in both the case of 11 and 12, the

exo and endo isomers co-crystallize, with a common location for C3 for each isomer.

A

WNo

e PMeg A
SNO HOTf
W- MeCN
i WP R
. P
T 2,3,-dimethylbutadiene
PM93
«NO
W
Tp/ ~
i diallyl ether
4 PMes
| <No HOTY
W MeCN
< T e \N\‘ — =
p
q @)
/\/

PMes i

endo-12 C
PMes *

R

endo-11

PM63 +
| NO

Tp/W\K

exo-11

Scheme 5: Synthesis of allyl complexes 11 and 12.

Observed bond lengths and calculated values for the allyl complexes 3, 5, 11, and

12 are presented in Table 1. For comparison, complexes where L = 2H-m-cresol (13) and
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L = 2H-(N,N-dimethyl)anilinium (14) are included, as these represent the limiting cases
of an amino or oxo group as the mt-donors conjugated to an allyl system. In addition, L =

1,2-dihydro-N-acetylpyridine (7p) is included as a limiting case of an 7*-diene.

Figure 2: ORTEP diagrams (30% probability) of [TpW(NO)(PMes)(rt-C3Hs)]OTf, exo-11,

and [TpPW(NO)(PMes)(r-C¢H11)]OTf, exo-12. See Table 1 for pertinent bond distances.

For the parent allyl (i.e., no C1 substituents; 11), the exo W-C1 bond length is
2.47 A. When a single alkyl group is attached to C1, the exo W-C1 bond length increases
to 2.59 A and 2.60 A, for 5 and 3, respectively. With two alkyl groups at C1 in 12, the W-
C1 bond lengthens to 2.91 A for the exo isomer. Note that this is only ~0.3 A less than
what is observed for dihydropyridine 7p (3.19 A), 13 (L = 2H-m-cresol (3.15 A),** or 14
(L= N,N-dimethyl-2H-anilinium (3.14 A),* where the metal is considered to interact

solely with the alkene portion of the ring (Figure 3). The increase in W-C1 bond length
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indicates less interaction of the metal with the allyl ligand, as the number of alkyl groups
attached to the distended carbon increases from 0 to 2. It is tempting to attribute these
enhanced distortions to steric factors, but we believe that hyperconjugation plays an
important role, as only minimal distortions (0.05-0.19 A) are observed for the related Tp
systems TpMo(CO),(m-allylR)*"** and TpW(CO),(r-allyIR),>® where R is not a m donor.
Additional evidence is found in the increased back-donation to the nitrosyl ligand as the
number of alkyl substituents for C1 increases from 0 to 2 (vno = 1647 cm™ (11), 1635 cm”

1(3), 1624 cm™ (12)).

Table 1: Experimental and [calculated] bond lengths for n’-allyl and n*-alkene
complexes of the form TpW(NO)(PMes)(L). Calculated values are in brackets (A= (W-C1)-

(W-C3)).

Compound, (L) W-C1,A W-C2,A W-C3,A A A Cl1-C2,A C2-C3A

ex0-11 (CsHs)  2.47 2.38 231 0.16 132 1.43
[2.53] [2.38] [2.33] [0.20] [1.38] [1.42]
ex0-3 (CeHe")  2.60 2.30 231 029 138 1.43
[2.72] [2.33] [2.31] [0.41] [1.38] [1.44]
exo-5 2.59 2.29 2.28 031 136 1.43
(CsH1NO") [2.72] [2.34] [2.28] [0.44] [1.38] [1.44]
ex0-12 (CgHi1")  2.91 2.40 2.21 070  1.39 1.47
[3.01] [2.45] [2.21] [0.80] [1.39] [1.47]
exo0-18 (p- [3.04] [2.40] [2.23] [0.81] [1.38] [1.46]
C7H0")
exo-14 3.11 2.26 2.23 0.88  1.42 1.45
(CsH1N") [3.17] [2.30] [2.24] [0.93] [1.42] [1.47]
ex0-13 (m- 3.15 221 2.23 092 145 1.45

C7Hs0) [3.19] [2.24] [2.28] [0.91] [1.47] [1.45]
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exo-7d 3.19 2.22 2.21 0.98 1.46 1.45
(C7HsNO) [3.23] [225]  [2.24] [0.99] [1.47] [1.45]
endo-11 2.43 2.35 2.31 0.12 1.37 1.46
(C3Hs") [2.48] 241]  [233] [0.15] [1.38] [1.42]
endo-12 2.77 2.45 2.21 0.56 1.30 1.54
(CeHur") 12.97] 2.50]  [2.22] [0.75] [1.39] [1.46]
PMej PMe; PMes PMe;
No No o
W W W l W)‘\\
"~ o " -~ Tp/ \Q Tp/ ~~
<>
© 13 O- +NMe, 14 NMe,
s +
y o
0\% | 2.23A ., 223 A
Bal 4 )4 .
" K@ ) nég A/ 6%
P Ny ¢ I~ 4
p-a /b & ﬁtﬁ:ﬁ [ %
s b o Xb %<—1.32 A (C-N)
g . . .“-“ 7 .
spe - LBACO VS ,06A &

Figure 3: The resonance forms and crystal structures (30% ellipsoids) of 2H-m-cresol

(13)* and N,N-dimethyl-2H-anilinium (14)* complexes.

A particularly interesting illustration of the ability of alkyl groups to enhance

n3—>n2 allyl distortion through hyperconjugation was earlier documented in protonation

studies of alkylated benzenes bound to pentaammineosmium(ll).* Whereas

protonation of benzene in the complex [Os(NHg,)s(772—benzene)]2+ (Scheme 6) results in

an n3—benzenium complex (15) with carbon resonances typical of symmetrical allyl
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species of this metal fragment, protonation of the analogous m-xylene complex (-40 °C)
forms complex 16 with carbon resonances reminiscent of the type of nz—allyl systems

described herein.*®

[OS]2+|I"- Cl-C3:
75.0, 81.9, 82.1 ppm
C3,C2:
N CH, C1, C5:
, 61.1, 70.8 ppm <191, 170 ppm
H+
[OS]2+""' -
CH; o

[Os] = (NH3)s0s
Scheme 6: Protonation and **C NMR chemical shift data for arenium complexes of

osmium.

Protonation at the meta carbon of the para-cresol ligand of {TpW(NO)(PMes)(p-
cresol)} (17) results in an allyl species, 18. In this complex, there is an incentive to keep
C3 sp” hybridized, thus allowing for good interaction of the m-acidic carbonyl and the m-
basic W(0) center. This runs counter to the notion of a o-mt distortion (18B in Eqn 4),
since C3, which would be considered to form the ¢ bond, would take on sp3 character,
and thus, isolate the carbonyl mt system. Infrared data (vco and vyo overlap, but are
between 1610-1660 cm™) indicate that there is still a significant 1 -interaction of the

metal with the carbonyl group (c.f. in 17 veo is 1620 cm™; a typical carbonyl stretch is
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~1700 cm™). Furthermore, C1 of 18 (184.1 ppm) is even more deshielded than for the
dimethylbutadiene-derived allyl 12 (endo: 176.8 ppm exo: 152.8 ppm). These data,
along with DFT calculations (vide infra) indicate a lengthening of the W-C1 bond in 18 to
greater than 3 A (Table 1), which supports the notion that 18 is most accurately

described as an nz-allyl complex (resonance contributor 18A in Eqn 4).

MegFi NO © Me3P\ NO O4 Me3P\ :NOO C1: 184.1 ppm
S 2 HOTf L 4\ 3 C2: 96.9 ppm
/W* i M= /W\\/ C3:73.1 ppm
Tp Tp Y+ Tp C4: 201.2 ppm
OTf- not shown
17 18A 18B ( ) Eqn 4.

I1l. Calculations.

In their pioneering studies, Hoffman, Faller, et al®® and later Curtis and
Eisenstein,*® described how orbital interactions can be used to rationalize regiochemical
preferences of nucleophilic addition to asymmetric Mo(ll) allyl(-1) complexes.

Templeton, Pregosin, et al®

investigated similar orbital interactions in order to
understand allyl orientations for the related system {TpW”(CO)z(n—aIIyI)}. To better
understand the origins of this n3—>n2 distortion for the {TpW(NO)(PMe3s)} complexes
reported herein, we embarked on a series of DFT studies using the B3LYP method using

a "hybrid" basis set with the LANL2DZ pseudopotential and basis set on W and 6-31G(d)

on all other atoms. As Table 1 shows, computed bond lengths in the B3LYP/hybrid model
are in semi-quantitative agreement with those derived from X-ray analysis. Specifically,
the shortest M-C bonds are to C3 in all cases, most markedly so for the CgHq1" ligand.

The calculated W-C1 distances are considerably longer than what is indicated by X-ray
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data, especially for the substituted allyl ions. The W-C3 and W-C2 distances support the
notion that the r]2 coordination is unsymmetrical. This asymmetry is slightly
overestimated in the computed structures. In all cases, W-C and C-C bond lengths for
the bound allyl fragment of the calculated compounds are semi-quantitatively
reproduced (Table 1) for both endo and exo isomers. The most serious errors are the

over-estimates of the W-C distances, by up to 0.12 A (4%).

Figure 4: LUMO for the complex [TpW(NO)(PMes)(exo-CsHs)]™ (exo-11a) showing the

large contribution from the 2p orbital of C1.

The isomer of 12 with an exo orientation of the CgH11" ligand is calculated to be
favored by 1-2 kcal/mol over the endo isomer, and exo and endo isomers differ by a
similar amount for the unsubstituted allyl complex 11. In contrast, the exo-3 isomer is
favored over endo-3 by about 10 kcal/mol. Inspection of the computed structure of

endo-3 reveals a large steric repulsion between one of the Tp pyrazole rings and that of
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the cyclohexane-based ligand. Supporting the notion that the allyl complexes have
carbocation character at C1, all of the DFT calculations suggest substantial 2p character

localized on C1 of the LUMO. The LUMO of exo-11 is shown in Figure 4 as an example.

1.1 kcal/mol

L
HaNo, | o Hoh LNH HaN., | <& H
- = NHg H
HaN -
’ ngL\H H H3NH3IL\ :
+
¢ H O H

Figure 5: Reaction coordinate diagram for allyl cation isomerization in the complex

[W(NH3)s..(NO)a(C3Hs)] ™, where n = 0, 1.

In order to better understand what causes the n*—n? distortion for complexes
of {TpW(NO)(PMejs)}, we first considered the hypothetical complex [W(NH3)s(mt-CsHs)]%,
which is isoelectronic to the previously reported [OS(NHg)s(T[-ally|)]3+ systems.47 DFT
calculations reveal that, as was observed for the osmium species,*’ the tungsten allyl
complex is completely symmetrical, with W-C1 and W-C3 bond lengths of 2.23 A,
somewhat longer than the calculated W-C2 bond length of 2.16 A. When a nitrosyl
ligand replaces one of the cis ammines, its strong backbonding interaction with the

metal drives two of the m-symmetry tungsten orbitals lower in energy, leaving only the
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dyy (Where the W-NO bond is along the z axis) to interact with the allyl fragment. For cis-
{W(NH3)4(NO)(r-C3Hs)}**, the considerable n39n2 distortion (W-C3 = 2.34 A, W-C1 =
2.57 A) cannot be attributed to asymmetry in the ligand set. In fact, the symmetry-
constrained Cs allyl complex is a transition state with a kinetic barrier lying 1.1 kcal/mol

above the two symmetrically equivalent distorted forms (Figure 5).

HOMO-1

LT
\|

HaN——W——NO

NH3
NH5

HOMO-2

Figure 6: Molecular orbitals for the allyl complex [W(NHs),(NO)(C3Hs)]*".

As with the {TpW(NO)(PMes)} analog, the LUMO of the complex [W(NH3)4(NO)(mt-
CsHs)]*" has a large 2p component at the terminal carbon (C1) farthest from the metal

(Figure 6). The highest occupied and subjacent MOs are dominated by W-NO local t
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interactions, and the HOMO-2 displays the strong mixing of the high energy W d,,
atomic orbital (AO) with the m non-bonding orbital of the allyl cation. Significantly, the
allyl distortion allows a stabilizing admixture of the allyl m* with the W dy, AO in
accordance with Figure 7. When the C3Hs' allyl ligand in Figure 7 is replaced with CgHo"
and L = NO", the isomerization barrier is calculated to be 5.7 kcal/mol. For comparison,
[TOW(NO)(PMes)(CeHo)]" is calculated to have a transition state for this isomerization of

6.2 kcal/mol with an isomerization energy of 3.7 kcal/mol.

d major minor
Xy contribution contribution

de | Overlap of d,, and the
/! sum of mo+ n*
N / (note pivoted allyl)

Figure 7: Schematic representation of the mixing of the HOMO of {W(NH5)4(NO)} (dxy)
with the non-bonding (1) and antibonding (r*) orbitals of CsHs'. Better overlap of dy,

and nt* is achieved by partial rotation (moving C1 toward NO).

Charges on atoms or fragments in molecules are not well-defined; there are
many alternative partitionings of the total charge density.48 We chose Mulliken®® (M)

and Weinhold’s Natural Atomic Charges50 (NA) to describe the charge distribution in the
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symmetric model system cis-{W(NH;)s(NO)(r-CsHs)¥**. In each case the terminal
methylene (C1) is calculated to possess cationic charge (M= +0.150, NA= +0.088 |e|),
while the opposite terminal methylene (C3) is calculated to possess negative charge
density (M = -0.013, NA = -0.113 |e|). There is considerable charge transfer to the allyl
cation upon complexation. The allyl fragment of the complex carries a net charge of M =
+0.245, or NA=-0.011 |e|.

We now consider why the allyl ligand in {TpW(NO)(PMes)(rt-C3Hs)} distorts in
such a way as to place the electrophilic methylene (C1) distal rather than proximal to
PMej ligand. Inspection of the HOMO for the fragment {TpW(NO)(PMes)} reveals a
significant interaction of a m-orbital of the pyrazole ligand trans to PMes with the
tungsten d,, orbital (Figure 9; W-NO is the z axis). The HOMO is represented by the
antibonding combination of these orbitals. The result of this m* interaction is a
distortion of the dy, orbital, causing the major lobes to extend toward the PMej (Figure
8). Optimal overlap is achieved when the m non-bonding orbital of the allyl fragment
twists in such a way as to maximize overlap of one of these major lobes with a terminal
carbon. Thus, the W-C1 bond is weakened in order to achieve better overlap with C2
and C3 (Figure 9). The cost of such a distortion is to lessen the interaction of the allyl rt*
orbital with d,,. However, as the d,, orbital has been stabilized by its interaction with

the nitrosyl, the interaction of the d,, and allyl t* orbitals is inconsequential.
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pyrazole
of Tp

Figure 8: HOMO of the fragment {TpW(NO)(PMes)} showing the participation of the
pyrazole ring trans to the phosphine (note the asymmetric d,, orbital). The it orbital of

the heterocycle distorts and raises the energy of the HOMO.
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1,2-n-coordinated

PMe, |

NO
\\\\\\\

pz + r

2,3-n-coordinated
(better overlap)

c1
(0]
pz c3
pz
O

dyy

c1

pz = one pyrazole "
ring of Tp ligand Tnpt T
Figure 9: Overlap of the allyl m,, and t* orbital combination with the asymmetric HOMO

(dyy) of {TPW(NO)(PMe3)} for the two possible n3—>n2 distortions of the allyl ligand.

When we replaced an ammine of the theoretical allyl complex [W(NH3)4(NO)(m-
CeHs)]** with PMe; (cis to both the allyl and NO), the difference between the distal and
proximal distorted allyl isomers is only 0.2 kcal/mol (TS = 4.9 kcal/mol). However, if
three ammines of [W(NH;)4(NO)(CsHs)]** are replaced with Tp, the difference between
distorted allyls becomes 4.1 kcal/mol. For comparison, this isomerization energy is
calculated to be 3.7 kcal/mol for the {TpW(PMes3)(NO)(rt-CgHq)}* system (TS = 6.2
kcal/mol; see Figure S2 in Supporting Information). Thus, while the NO* is primarily
responsible for the n3—>n2 distortion in these {TpW(NO)(PMe3s)} systems, it is the Tp,

and not the PMe;3, that determines the direction of the allyl distortion.

IV. Reverse-Distorted Allyl Complexes.
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Finally, we queried whether it would be possible to reverse the orientation of
the n3—> n2 distortion by altering the electronic properties of the allyl group. Whereas
an electron-donating group (e.g., X = alkyl, O, NR;) in conjugation with the distal (d)
terminal allyl carbon supports the buildup of positive charge at this position (Scheme

7),°! a withdrawing group to the distal carbon should have the opposite effect.

Mesp NO Me3P Megp
\}v 0) v\v“‘\\NO \/\\/.A\\NO
PN RN T
+ X
(d) X Lgx 7
+
MeSF\) \\NO Me3P

_|._
; A ® . V\V‘“‘\NO
P '( T~ \|

d ~Z 7

Scheme 7: Expected distortion effects of donating (X) and withdrawing (Z) groups. The
n’—n? distortion is enhanced by either a i-donor or mt-acceptor at the distal carbon

(Circle represents p orbital).

An allyl complex conjugated to an electron-withdrawing group is expected to be
highly electrophilic. Protonation at C4 with either the 2H-phenol (19p, 19d) or N,N,-
dimethyl-2H-anilinium (14) complexes described earlier would provide allyl complexes
(20d, 20p, 21p) in which a m-withdrawing group is in conjugation with the allyl system

(Scheme 8).
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Scheme 8: Protonation results in a m-withdrawing group in conjugation with the allyl

group.

Indeed, these allyls have been previously postulated as intermediates in diene

843 Our efforts to characterize 20p and 21p

tandem addition reactions of 14 and 19p.
spectroscopically were hampered by their thermal instability. For example, *H NMR
spectroscopic data recorded for a mixture of phenol complex diastereomers (19p and
19d) treated with triflic acid indicate that while 20d survives for several days, 20p
decomposes rapidly (e.g., t1/2 ~ 10 min at 20 °C) under the same conditions. Consistent
with these findings, DFT calculations indicate that 20d is 6.5 kcal/mol more stable than
its diastereomer 20p (see Supporting Information). However, in the case of the

anilinium dication 21p, a single crystal that provided X-ray diffraction data was obtained

from a methylene chloride solution of triflic acid at -20 °c.>? Figure 10 shows the
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molecular structure of 21p along with pertinent bond lengths of this dicationic allylic
ligand. The allyl fragment is now distorted, with the terminal allyl carbon proximal to the
PMe; ligand. 'H NMR spectroscopic data for the phenolium complex 20p (H2: 4.24; H3:
6.05; H4: 7.05 ppm) and the anilinium dication 21p (H2: 3.93; H3: 5.92; H4: 7.17 ppm)
are very similar, with the downfield allylic proton of both complexes (H4) showing NOE
interactions with the PMes. Additionally, the internal protons (H3) of both complexes
also have NOE interactions with the PMes. Two-dimensional NMR data (COSY, NOESY,
HMBC, HSQC) support our assignments of 20p and 21p.

Similar to other {W(NO)}* allyl complexes (Figure 5), 20p and 21p are each
envisioned to exist as an equilibrium mixture of isomers (20p/20p’ or 21p/21p’ that differ
by the location of the “uncoordinated” sp® carbon (represented by a circle). DFT
calculations generally support these findings for 20p and 21p (Table 2) and indicate that
the unobserved isomers of the dicationic allyls 20p’ and 21p’ are > 4 kcal/mol less
stable. This estimate is based on the computed energies of systems constrained to the
p’ isomer connectivities. Upon release of the constraints, geometry optimization of 20p’
led to the 20p isomer; that is, we found no (relative) minimum energy structure with the
connectivity portrayed in Scheme 8. However, we did capture a 21p’ isomer, as

summarized in Table 2.
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Figure 10: Molecular structure of the anilinium dication complex, 21p.

Table 2: Experimental and [calculated] bond lengths for “reverse-distorted” nz-allyl

complexes derived from aniline and phenol. Calculated values are in brackets.

Compound, L W-C4,A W-C3,A W-C2,A A A (C3-C4A (C2-C3,A

20p [2.58] [2.38] [2.36] [0.22] [1.39] [1.41]
(phenolsH")

(calc’d only)
21p 2.63 2.24 2.27 0.38 1.39 1.38
(aniline2H") [2.74] [2.34] [2.40] [0.34] [1.38] [1.46]
(calculated)
21p’ (calc’d [2.47] [2.38] [2.56] [0.09] [1.40] [1.41]
only)

V. Reduction of TpW(NO)(PMes)(allyl) complexes.
Cyclic voltammograms for neutral alkene and diene complexes of

{ToW(NO)(PMes)} (e.g., cyclohexadiene complex 4; a, in Figure 11) show no reduction
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activity out to a switching potential of -1.6 V (NHE), consistent with the behavior
expected for an 18e complex. Allylic complexes reported herein are typically also
resistant to reduction, showing a broad cathodic wave near -1.0 V (e.g., 11; b, in Figure
11). A remarkable exception is the trimethylated allyl complex 12 (c, in Figure 11). In this
case, electrochemical analysis using cyclic voltammetry reveals that this 18 e complex
shows two chemically and electrochemically reversible couples corresponding to E° ~ -
0.78 and -1.66 V (100 mV/s).53 The long-lived (t;, >> 10 s) nature of the initially formed
reduction product (12¢) caused us to question whether the m allylic structure was still intact.

DFT calculations suggested that 12e exists as a k' species (Scheme 9), making an open shell
17 e- complex in which the unpaired electron is centered on the metal and C1-C2 is no
longer associated with the metal center. Calculations further indicate that the second
reduction (c, Figure 11) is also metal-centered and produces a closed shell anionic
complex [12] with very little change for the k' structure of one-electron reduced
species. These observations led us to speculate that the m-allyl complex 12 may be in
equilibrium with a k! isomer (12k), which as a 16e” complex is amenable to two single
electron reductions forming first 12e then [12]. Rates for isomerization from n3 to k* for
allyl complexes have been measured in a few cases, and they can be rapid at ambient
temperature.54 Starting with geometry for the optimized k* radical 12e, DFT calculations
located an isomer of 12 in which the allyl is bound k* (no meaningful contact of the
metal with C2 or C3) and is ~ 13 kcal/mol higher in energy than the m-bound isomer.
This estimate for the |<1—>r]2 isomerization energy in 12 rises to ~ 18 kcal/mol when a

similar analysis is done for the parent allyl 11, offering a possible reason for the more
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poorly defined electrochemical behavior for 11 (Figure 11). We note that without
invoking the isomerization prior to reduction of the allyl, the fact that replacement of
three hydrogens in 11 for methyl groups results in a more facile reduction of 12 would

be counter-intuitive.

@ 7
0 >

Current (alA)
o
\

02V -0.78 V 10 -108V -1.66 V

Potential (vs. NHE)

-1.9V

Figure 11: Cyclic voltammetric data for (a) TpW(NO)(PMes)(CeHs) (4), (b)
[ToW(NO)(PMes)(CsHs)]" (11), and (c) [TpW(NO)(PMes)(CeH11)]" (12). Values are vs. NHE
at 100 mV/s scan rate.

Although CV experiments indicate the presence of a relatively long-lived radical
species, 12e, attempts to isolate the radical proved futile. However, treatment of 12
with Na/Hg amalgam in DME resulted in the production of three complexes, 22, exo-23,
and endo-23. Each compound was independently synthesized by hydride reduction of

12 with NaBH,4 in MeOH (exo-23, endo-23) or by deprotonation of 12 with base (Scheme
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9). Also, 22 could be synthesized as a single diastereomer by mild heating of the mixture
of the two coordination isomers generated from the substitution of 2,3-

dimethylbutadiene with TpW(NO)(PMe3)(n2—benzene) in the presence of catalytic acid.

0 oW I + +
W. . W, i W.
12 12 ex0-12 (via 22)
. T HOTF (xs)
+ VVllmu,,,,
exo-12 5 9:1 endo-12
equilibrium NaBH,
Na/Hg MeOH
DME
W) Wi |

22 + ex0-23 + endo-23

W = {TpW(NO)(PMe3)} 0x0-23 endo-23

Scheme 9: Reduction and manipulation of allyl 12.

Conclusions:
We have prepared series of mt-allyl complexes of tungsten that show an unusually
large degree of n3—>n2 distortion. The degree of distortion, in which the W-C bond of

one terminus (C1; distal to the PMes) elongates and the allylic C1-C2 bond shortens, is
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greatly enhanced by an electron donor(s) at C1 (O, N, alkyl) or by a m-acceptor (EWG) at
C3. DFT calculations for several of these allyl complexes reproduce the general
distortions observed and indicate a significant buildup of positive charge at C1 along
with a large component of the 2p orbital at this carbon. The presence of a single
powerful m-acid (NO") in the fragment {TpW(NO)(PMej3)} results in a single high-energy
dm orbital (orthogonal to the nitrosyl), and its interaction with both the i, and allyl t*
orbitals is thought to cause the observed distortion of the m-allyl ligand. In the case of
cyclohexyl or piperidyl allyls, this allyl distortion can be utilized to prepare

stereoselectively n°-1,3-diene and 3-substituted piperidine complexes.®

Experimental Section:

General Experimental Methods. NMR spectra were obtained on a 300, 500, or 600 MHz
spectrometer (Varian INOVA or Bruker Avance). All chemical shifts are reported in ppm and
proton and carbon shifts are referenced to tetramethylsilane (TMS) utilizing residual 'H or **C
signals of the deuterated solvents as an internal standard. Phosphorus NMR signals are
referenced to 85% HsPO, (& = 0.00) using a triphenylphosphate external standard (6 = -16.58).
Coupling constants (J) are reported in hertz (Hz). Infrared spectra (IR) were recorded as a glaze
on a MIDAC Prospect Series (Model PRS) spectrometer fitted with a Horizontal Attenuated Total
Reflectance (HATR) accessory (Pike Industries), or on a Nicolet Avatar 360 FT-IR spectrometer
equipped with an ASI-DiComp diamond anvil ATR assembly. Electrochemical experiments were
performed under a dinitrogen atmosphere using a BAS Epsilon EC-2000 potentiostat. Cyclic
voltammetry data were aquired at ambient temperature (~25 °C) at 100 mV/s in a standard

three-electrode cell with a glassy carbon working electrode, N,N-dimethylacetamide (DMA) or
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acetonitrile (MeCN) solvent (unless otherwise specified), and tetrabutylammonium
hexaflurophosphate (TBAH) electrolyte (approx. 0.5 M). All potentials are reported versus NHE
(Normal Hydrogen Electrode) using cobaltocenium hexafluorophosphate (E;;, = -0.78 V),
ferrocene (E;;, = +0.55 V), or decamethylferrocene (E;/, = +0.04 V) as an internal standard. The
peak-to-peak separation was less than 100 mV for all reversible couples. Elemental analyses (EA)
were obtained from Atlantic Microlabs and agree to within 0.4 % for C, H, and N. High resolution
electrospray ionization mass spectrometry (ESI-MS) analyses were obtained from the University
of Richmond from samples dissolved in acetonitrile then mixed 3:1 with 0.1 M aqueous sodium
trifluoroacetate (NaTFA) using [Na(NaTFA),]" clusters as an internal standard. Data are reported
for the dominant peaks in the isotopic envelope as their observed and calculated masses and
their percentage abundance relative to the parent ion, followed by the difference between the
observed and calculated masses in ppm, and the ion analyzed, e.g. (obs'd (%), calc'd (%), ppm,
(M+2)%), where Z* = proton or sodium ion. Unless otherwise noted, all synthetic reactions were
performed in a glovebox under a dry nitrogen atmosphere. CH,Cl, and benzene were purified by
passage through a column packed with activated alumina. Other solvents and liquid reagents
were thoroughly purged with dry nitrogen prior to use. Deuterated solvents were used as
received from Cambridge Isotopes. Pyrazole (pz) protons of the (tris-pyrazolyl)borate, Tp, ligand
were uniquely assigned using a combination of 2-dimensional NMR experiments and
phosphorous-proton coupling (see Figure S1 in supplemental information).>> When
unambiguous assignments were not possible, pz protons were labeled as Tp protons.
Coordination diastereomers are described as either proximal (p) or distal (d) based on the
proximity of a defining feature (e.g., the “carbocationic” center of an allyl ligand) to the PMe;

ligand. Synthesis of compounds TpW(NO)(PMes)(n’-benzene),** 5, 7p,%°, 9,** 14,* and 19



270

have been previously reported. 19 can be isolated as a single isomer or a mixture of
coordination diastereomers.>

DFT Calculations.®® Initial structures were built in SpartanSea and optimized with the extended
version of the PM3 semi-empirical method available in that package, or in GAUSSVIEW (5.0.8)
with the PM6 semi-empirical method in GAUSSIAN 09.°°®¢ These structures were refined
stepwise in Spartan and Gaussian using B3LYP and a series of basis functions incorporating
LANL2 pseudopotentials and associated basis functions provided in those packages or directly
from the PM6 structures. The most demanding calculations reported here put the LANL2DZ
pseudopotential and its basis only on the W atom, and used the 6-31G(d) basis for all other
atoms.

For transition state structures, vibrational analysis revealed the presence of a single
imaginary frequency. In all other cases, vibrational analyses verified that optimized structures
were located at local minima, with the presence of only real frequencies.

Many of the systems calculated herein have very soft vibrational modes. This has the
consequence that in many cases reports from vibrational calculations showed small violations of
the convergence criteria on the predicted root-mean-square and/or maximum displacement, for
structures which had satisfied all convergence criteria in the optimization step. This
unsatisfactory behavior can be remedied by reoptimization, computing the force matrix at each
optimization step, and using the UltraFine grid for numerical integrations. Our spot checks
showed that structures and zero point vibrational energies were unchanged by this expensive
refinement. For this reason we believe that the structures, calculated energies, and zero-point
energy values computed with default convergence criteria (FinGrid) for optimization, are

reliable for comparisons reported here.
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Me3P
\, NO -otf

Tp/W\©
[TPW(NO)(PMes)(2,3-n’-cyclohexan-2-en-1-ylium)][OTf]. 3. 1,3-Cyclohexadiene (1.05 g, 13.1
mmol) was added to an oven-dried test tube containing a heterogeneous yellow solution of
TpW(NO)(PMe;)(n*-benzene) (0.525 g, 0.904 mmol) in DME (2.71 g). The solution was added to
a 60 °C oil bath and allowed to stir. Upon warming the solution became a brown-slightly purple
homogeneous solution. After 1.5 h, the solution was removed from the warm bath and allowed
to cool for 5 minutes. A solution of HOTf (0.135 g, 0.900 mmol) in MeCN (0.695 g) was added to
the solution to make a yellow solution that precipitated a yellow solid from the shortly
thereafter. After 2 h 15 min, the yellow precipitate was collected on a 15 mL medium porosity
fritted funnel, washed with ~4x0.2 g DME, and placed under vacuum (0.403 g, 0.550 mmol, 61%
yield). "H NMR (CDCN, 6): 8.41 (d, J = 2.0, 1H, PzB3), 8.13 (d, J = 2.0, 1H, PzA3), 8.03 (d, J = 2.0,
1H, PzB5), 7.97 (d, J = 2.0, 1H, PzC5), 7.96 (d, J = 2.0, 1H, PzC3), 7.81 (d, J = 2.0, 1H, PzA5), 6.59
(m, 1H, H1), 6.55 (t, J = 2.0, 1H, PzC4), 6.53 (t, J = 2.0, 1H, PzB4), 6.34 (t, J = 2.0, 1H, PzA4), 5.13
(t, J = 7.4, 1H, H2), 4.38 (dtt, J = 7.4, 1.6, *Jpy = 14.5, 1H, H3), 3.34 (m, 1H, H6), 3.26 (m, 2H,
H6'/H4), 2.47 (dddd, J = 15.4, 10.8, 6.4, 1.4, 1H, H4"), 1.59 (m, 1H, H5), 1.33 (m, 1H, H5'), 1.20 (d,
Jow = 9.8, 9H, PMes). 3C NMR (CDsCN, &): 142.3 (PzA3), 146.4 (PzB3), 143.2 (PzC3), 139.6 (PzA5),
139.5 (PzB5/PzC5), 138.3 (C1), 109.5/109.0 (PzB4/PzC4), 108.1 (PzA4), 103.8 (C2, d, “Jpc = 3.5),
70.0 (C3, d, Jpc = 12.6), 27.1 (C4), 27.0 (C6), 26.9 (C5), 13.4 (PMes, d, Jpc = 32.7). *'P NMR (CDCl;,
8): -7.85 (Jwp = 273). IR: vgy = 2522 cm™, vyo = 1635 cm™. CV (MeCN): £, , = +1.83 V, E, . = -0.95.
ESI-MS: obs'd (%), calc'd (%), ppm (M-OTf)": 582.1675 (89.7), 582.1672 (86.8), 0.5; 583.1697

(63.2), 583.1698 (79.3), 0.1; 584.1698 (100), 584.1695 (100), 0.5; 585.1759 (52.2), 585.1739
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(40.1), 3.3; 586.1731 (100), 586.1728 (84.9), 0.5. Anal. Calc’d for CyH30BFsN,0,PSW: C, 31.04; H,
4.11; N, 13.34. Found: C, 31.26; H, 3.90; N, 13.33.

Me3P

Ve \ o

NO
S W
W Hy 7N
W ST "’
H; Ha

P(roximal) D(istal)
TpW(NO)(PMe;)(1,2-n*cyclohexa-1,3-diene). 4p, 4d. 1,3-Cyclohexadiene (0.261 g, 3.3 mmol)
was added to a homogeneous yellow solution of TpW(NO)(PMe;)(n*-benzene) (0.151 g, 0.260
mmol) in DME (3.0 g), and allowed to stir at room temperature for 20 hours. The resulting dark
brown solution was precipitated over a stirring mixture of 20 mL ether and 50 mL hexanes. The
brown/purple precipitate was filtered over a 30 mL fine-porosity fritted funnel and discarded.
The yellow filtrate was evaporated to dryness and dissolved in minimal DME. About 0.5 mL
acetonitrile was added to the solution, which stirred ten minutes and evaporated to dryness. 1
mL acetonitrile was triturated with the residue; ether was added dropwise to encourage
precipitation. Majority of solvent was evaporated, but did not give precipitation. Residue was
dissolved in minimal DME and precipitated dropwise over 40 mL stirring water. A pale tan solid
was filtered over a 15 mL fine-porosity fritted funnel and stored overnight in a desiccator to give
0.054 g (0.093 mmol, 36% yield)."H NMR (CDCls, 6): 8.25 (d, J = 2.0, 1H, PzA3(d)), 8.08 (m, 1H,
PzB3(p+d)), 8.05 (d, J = 2.0, 1H, PzA3(p)), 7.70 (d, J = 2.0, 1H, PzB5(p)), 7.68 (d, J = 2.0, 1H,
PzB5(d)), 7.61 (d, J = 2.0, 1H, PzA5(p)), 7.57 (d, J = 2.0, 1H, PzA5(d)), 7.34 (d, J = 2.0, 1H, PzC3(d)),
7.28 (d, J=2.0, 1H, PzC3(p)), 6.29 (t, J = 2.0, 1H, PzB4(d)), 6.27 (t, J = 2.0, 1H, PzB4(p)), 6.21 (t, J =
2.0, 1H, PzA4(p)), 6.18 (t, J = 2.0, 1H, PzA4(d)), 6.17/6.16 (t, J = 2.0, 1H, PzC4(p+d)), 1.28 (d, J =
8.3, 9H, PMe;(p)), 1.27 (d, J = 8.2, 9H, PMej;(d)), Distal Diene (d-Major isomer): 6.68 (ddd, J = 9.0,

5.6, 2.9, 1H, H3), 5.23 (ddd, J = 9.0, 6.6, 2.0, 1H, H4), 3.65 (m, 1H, H6), 2.66 (m, 1H, H1/H6'), 2.45
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(m, 1H, H5), 1.94 (m, 1H, H5'), 1.68 (m, 1H, H2), Proximal Diene (p-minor isomer): 6.48 (ddd, J =
9.0, 4.8, 2.7, 1H, H3), 5.24 (m, 1H, H4), 3.33 (m, 1H, H6(anti)), 2.89 (ddd, J = 10.3, 5.0, *Jpy, = 14.2,
1H, H2), 2.66 (m, 1H, H6(syn)), 2.45 (m, 1H, H5), 1.95 (m, 1H, H5'), 1.38 (d, J = 10.1, 1H, H1). **C
NMR (CDCl;, 6): 144.5 (PzA3(d)), 143.4/143.3 (PzB3(p,d)), 142.1 (PzA3(p)), 140.2/140.1
(PzC3(p,d)), 136.4 (Tp5), 136.2 (Tp5), 135.6 (2 Tp5's), 135.2 (Tp5), 134.8 (Tp5), 106.3 (Tp4), 106.1
(Tp4), 105.7 (Tp4), 105.5 (3 Tpa's), 14.0 (d, Jpc = 27.8, PMe;(p)), 13.4 (d, “Jpc = 27.8, PMe;(d)),
Distal Diene: 133.4 (C3), 120.8 (C4), 56.6 (d, Joc = 11.9, C1), 50.8 (C2), 23.5 (C5), 21.6 (C6),
Proximal Diene: 130.8 (C3), 120.8 (C4), 55.4 (C1), 50.8 (d, Jpc = 8.4, C2), 26.5 (C6), 23.5 (C5). *'P
NMR: (CDCls, 8): -9.75 (Jwp = 286 Hz), -11.94 (Jywp = 284 Hz). IR: vgy = 2488 cm™, vyo = 1554 cm™,
CV (DMA): E,, = +0.44 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)*: 594.1664 (86.9), 594.1672
(86.2), 1.3; 595.1688 (90), 595.1698 (79.6), 1.7; 596.1687 (100), 596.1696 (100), 1.4; 597.1751
(45.4), 597.1739 (40.8), 2.0; 598.1749 (77.5), 598.1728 (84.6), 3.5.

Single isomer synthesis of 4d. To separate oven-dried test tubes, 3 (0.099 g, 0.135 mmol) in
CHCl; (2.02 g) and DBU (0.192 g, 1.261 mmol) in CHCl; (2.01 g) were added to a 0 °C cold bath
and allowed to equilibrate. After 10 minutes, the heterogeneous allyl solution was quickly added
to the DBU solution to become homogeneous and pale yellow after a few seconds. The reaction
was removed from the cold bath and glovebox after 10 minutes and allowed to warm to room
temperature for 10 minutes. The solution was diluted with 75 mL Et,0, extracted with 5x25 mL
of NaOH (1M, aqueous), back-extracted with 2x25 mL Et,0, dried with MgSQ,, filtered through a
60 mL coarse porosity fritted funnel, and the solvent removed to produce a yellow solid. The
material was moved to the a tared 4 dram vial with DCM (5x1 mL), and the solvent removed to
produce a yellow solid that was free flowing once scraped with a spatula (0.073 g, 0.125 mmol,
93% yield). The solid was pure via NMR and produced a single isomer of the cyclohexadiene

complex (10:1 cdr).
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TpW(NO)(PMe;)(3,4-n*(1-(pyridin-1(2H)-yl)ethanone)). 7d. A solution of HOTf (0.121 g, 0.806
mmol) in MeCN (6.31 g) was added to a vial containing 7p (0.501 g, 0.800 mmol) to make a
yellow homogenous solution. After 1 minute, the solution was transferred to a vial containing
morpholine (0.087 g, 0.999 mmol). After 10 minutes, a some crystalline material began coating
the reaction vial. The solution remained undisturbed for 23 h, when the reaction solution was
decanted away from the solid. The precipitate was washed with MeCN (2 x ~0.3 g) and placed
under vacuum. After several days under vacuum, the yellow crystalline material was scraped
from the reaction vial and transferred to a new vial (0.364 g, 0.581 mmol, 73% yield). '"H NMR
(CDCls, 6): 8.24 (d, J = 2.0, 1H, PzA3), 8.02 (d, J = 2.0, 1H, PzB3), 7.71 (m, 2H, PzB5/Tp), 7.58 (d, J
= 2.0, 1H, Tp), 7.31 (d, J = 2.0, 1H, PzC3), 6.29 (t, J = 2.0, 1H, PzB4), 6.19 (t, J = 2.0, 2H,
PzA4/PzB4), 6.14 (dd, J = 7.4, 5.8, 1H, H5), 5.95 (d, J = 7.4, 1H, H6), 5.34 (d, J = 13.0, 1H, H2(syn)),
4.63 (dd, J = 13.0, 3.2, 1H, Hs(anti)), 2.97 (ddd, J = 10.8, 10.2, 3.2, 1H, H3), 2.15 (s, 3H, Amide-
Me), 1.63 (ddd, J = 10.2, 5.8, 1.8, 1H, H4), 1.24 (d, J = 8.2, 9H, PMes). *C NMR (CDCl;, 6): 169.1
(Amide-CO), 144.3 (PzA3), 143.6 (PzB3), 140.2 (PzC3), 136.6 (Tp), 136 (Tp), 135.2 (Tp), 119.8
(C5), 117.8 (C6), 106.4 (PzB4), 105.9/105.7 (PzA4/PzC4), 59.4 (C3, d, J = 13.4), 45.7 (C4), 44.2
(C2), 23.2 (Amide-Me), 13.7 (PMes, d, J = 27.9). *'P NMR (CDCls, 6): -9.19 (Jwp = 281). IR: Vgy =
2488 cm™, v=1643 cm™, v=1616 cm™, vyo = 1562 cm™’. CV (DMA): E,, = +0.34 V. ESI-MS: obs'd
(%), calc'd (%), ppm, (M+Na)": 647.1559 (80.8), 647.155 (85.9), 1.5; 648.1585 (91.6), 648.1575
(79.6), 1.5; 649.158 (100), 649.1573 (100), 1.1; 650.1621 (39.9), 650.1616 (41.2), 0.7; 651.1618
(94.6), 651.1606 (84.6), 1.9. Anal. Calc’d for Ci9HsBNgO,PW: C, 36.45; H, 4.51; N, 17.90; Found:

C, 36.60; H,4.52; N, 17.94.
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[TPW(NO)(PMes)(2,3-n>-( cyclohex-2-en-1-yltrimethylphosphonium)](OTf). 8c. PMe; (0.037 g,
0.473 mmol) was added to a heterogeneous yellow solution of 3 (0.036 g, 0.049 mmol) in CHCl;
(2.01 g) to become homogeneous and pale yellow. After two minutes, the stirring reaction
solution was diluted with 20 mL Et,0 to precipitate a white solid that was collected on a 15 mL
medium porosity fritted funnel. The white residue on the reaction flask was dissolved in 1 mL
CHCI; and precipitated with 20 mL Et,0. The solid was collected on the same 15 mL medium
porosity fritted funnel, washed with 2x7 mL Et,0 and placed under vacuum (0.022 g, 0.027
mmol, 55 % yield). *H NMR (CDCls, 6): 8.00 (d, J = 2.0, 1H, PzB3), 7.98 (d, J = 2.0, 1H, PzA3), 7.74
(d, J = 2.0, 1H, PzC5), 7.70 (d, J = 2.0, 1H, PzB5), 7.68 (d, J = 2.0, 1H, PzA5), 7.29 (d, J = 2.0, 1H,
PzC3), 6.30+6.29 (t, J = 2.0, 2H, PzB4/PzC4), 6.22 (t, J = 2.0, 1H, PzA4), 3.60 (ddd, s, = 8.9, J =
6.7, 6.7, 1H, H1), 3.24 (m, 1H, H4), 2.77 (m, 2H, H3+H4'), 2.07 (m, 1H, H6), 1.87 (m, 1H, H5), 1.64
(d, %Jpy = 13.3, 9H, C-PMe3), 1.60 (m, 1H, H6'), 1.5 (m, 1H, H5'), 1.22 (d, Ypy = 8.3, 9H, W-PMe3),
0.62 (dd, *Jpy = 22.9, J = 11.1, 1H, H2). *C NMR (CDCls, §): 143.3 (PzB3), 141.9 (PzA3), 140.1
(PzC3), 137.5 (PzA5), 137.1 (PzC5), 136.6 (PzB5), 129.9 (g, Y:c = 320, triflate), 107.0/106.7/106.6
(PzA4/PzB4/PzC4), 49.7 (d, *Jpc = 11.3, C3), 45.4 (d, Jpc = 3.0, C2), 33.4 (d, “Jpc = 42.6, C1), 29.1 (d,
Joc = 3.3, C4), 23.1 (d, *Jpc = 3.6, C6), 21.4 (d, *Jpc = 9.5, C5), 13.8 (d, pc = 28.3, W-PMe3), 6.9 (d,
"Joc = 53.5, C-PMes). *'P NMR (CDCls, 8): -10.04 (Jyp = 286), 35.41 (C-PMes). IR: vgy = 2481 cm™,
Vno = 1542 cm™. CV (MeCN): E,. = +0.54 V. ESI-MS: obs'd (%), calc'd (%), ppm, M+: 658.2128
(81.8), 658.2114 (85.1), 2.1; 659.2139 (95.5), 659.214 (80.1), 0.1; 660.2156 (100), 660.2138

(100), 2.7; 661.2296 (31.8), 661.2180 (42.3), 17.5; 662.2158 (72.7), 662.2171 (84), 1.9.
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[TPW(NO)(PMes)(2,3-n*-cyclopent-2-en-ylium)][OTf]. 9. A solution of HOTf (0.058 g, 0.386
mmol) in MeCN (0.25 g), was added to a solution of 10p,d (0.195 g, 0.343 mmol) in MeCN (0.33
g) to make a deep yellow homogeneous solution. After 30 s, the reaction solution was added to
125 mL of stirring Et,0 to precipitate a tan-yellow solid that was collected on a 15 mL medium
porosity fritted funnel, washed with 2x7 mL Et,0, and placed under vacuum (0.183 g, 0.254
mmol, 74 % yield). CV (MeCN): E,, = +1.77 V, E, . = -0.93 V. Characterization for 9 has previously

been published.

Me3P Me3P

\ No \W‘“\\NO
Tp/W\[> He v w—m
H; H;

P(roximal) D(istal)
TpW(NO)(PMe;)(1,2-n*-cyclopenta-1,3-diene): 10p, 10d. To a flame-dried test tube with a stir
bar was added TpW(NO)(PMe;)(n*-benzene) (0.100 g, 0.172 mmol) and DME (2.0 g), to give a
homogeneous yellow solution, to which cyclopentadiene (0.212 g, 3.207 mmol) was added. The
test tube was placed in a 67 °C oil bath for 16 hours. A dark brown solution was cooled to room
temperature and precipitated over a mixture of 37 mL hexanes and 13 mlL ether. A
brown/purple precipitate was filtered using a 15 mL fine-porosity fritted funnel and discarded.
The light yellow filtrate was evaporated to dryness and dissolved in minimal dichloromethane
for transfer to a 4 dram vial with stirbar. The dichloromethane was evaporated and 2 mL ether
added to the vial and allowed to stir overnight. An orange liquid was carefully pipeted out of the

vial, leaving a pale tan solid. One mL of hexanes and 5 drops ether was added to the vial and
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allowed to stir overnight. One mL of hexanes was added to the vial and the pale tan solid was
filtered over a 2 mL fine-porosity fritted funnel to give 0.058 g (0.102 mmol, 60 % yield)."H NMR
(CDCl,, 6): 8.42 (d, J = 1.7, 1H, PzA3(p)), 8.25 (d, J = 1.7, 1H, PzA3(d)), 8.05 (d, J = 1.8, 1H,
PzB3(p)), 8.04 (d, 1H, PzB3(d)), 7.72 (m, 1H, PzB5(p+d)), 7.67 (m, 1H, PzC5(p+d)), 7.61 (d, J = 2.0,
1H, PzA5(p)), 7.59 (d, 1H, PzA5(d)), 7.28 (m, 1H, PzC5(p+d)), 6.29 (m, 1H, PzB4(p+d)), 6.23 (m,
1H, PzA4(p+d)), 6.15 (m, 1H, PzC4(p+d)), 1.31 (d, J = 7.5, 9H, PMes(p)), 1.27 (d, J = 7.7, 9H,
PMe;(d)), Proximal diene (p — Major isomer): 6.41 (dd, J = 4.8, 1.9, 1H, H3), 5.37 (m, 1H, H4),
4.50 (m, 1H, H5), 3.95 (m, 1H, H5’), 3.72 (dd, J = 12.5, 7.3, 1H, H2), 2.15 (m, 1H, H1), Distal diene
(d — minor isomer): 6.68 (dd, J = 5.0, 2.1, 1H, H3), 5.30 (m, 1H, H4), 4.54 (m, 1H, H5), 3.54 (m, 1H,
H5’), 3.40 (dt, J = 14.0, 7.0, 1H, H1), 2.44 (dd, J = 7.4, 2.3, 1H, H2)."*C NMR (CDCl;, 8): 144.4 (Tp),
144.3 (Tp), 143.9 (Tp), 141.2 (Tp), 140.9 (Tp), 140.6 (Tp), 136.3 (Tp), 136.2 (Tp), 135.8 (Tp), 135.7
(Tp), 135.1 (Tp), 134.8 (Tp), 106.4 (Tp), 106.3 (Tp), 105.9 (Tp), 105.7 (Tp), 105.6 (Tp), 105.5 (Tp),
14.5 (d, Jo.c = 27.5, 3C, PMes), 14.1 (d, Jpc = 27.1, 3C, PMes), Proximal diene: 136.4 (C3), 123.0
(C4), 67.9 (C2), 57.3 (C1), 43.0 (C5), Distal diene: 138.0 (C3), 121.9 (C4), 66.4 (C2), 58.6 (C1), 43.2
(C5).3'P NMR (CDCl3, 6): -11.11 (Jyp = 280), -11.88 (Jwp = 290). IR: vgy = 2484 cm™, vy = 1554 cm’
1. ¢V (DMA): E,.=+0.36 V. HRMS: Overlapping signals for hydride loss (M-H)+ and protonation
(M+H)+ complicated the spectrum and caused overlapping M/Z peaks to not fit within the
acceptable 5 ppm difference from that of the calculated. ESI-MS ((M-H)+): obs'd (%), calc'd (%),
ppm: 566.1355 (61.8), 566.1359 (87.3), 0.7; 567.139 (56.2), 567.1385 (79.1), 0.9; 568.1419
(100), 568.1382 (100), 6.5; 569.1484 (45.2), 569.1427 (39.3), 10.0; 570.1451 (89.3), 570.1415
(85.2), 6.3. ESI-MS ((M+H)"): 568.1419 (112), 568.1515 (87.3), 16.9; 569.1484 (50.7), 569.1541
(79.1), 10.1; 570.1451 (100), 570.1538 (100), 15.4; 571.1514 (22.7), 571.1583 (39.3), 12.2;

572.1573 (36.2), 572.1571 (85.2), 0.3.
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[TPW(NO)(PMes)(2,3-n*-propan-1-ylium)][OTf]. exo-11, endo-11. Diallyl ether (0.92 g, 9.4
mmol) was added to a flame dried test tube containing ToW(NO)(PMe;)(n*-benzene) (0.506 g,
0.871 mmol) in DME (2.62 g) to make a homogeneous yellow solution that was allowed to stir in
a 57 °C oil bath. After 1.5 h, the dark purple-brown solution was removed from the warm bath.
A solution of HOTf (0.127 g, 0.846 mmol) in MeCN (0.640 g) was added to the reaction solution
to make a dark yellow solution. The reaction solution was placed in a 0 °C cold bath overnight.
After 15 h, the solution was removed from the cold bath and added to 100 mL of stirring Et,0.
The tan-yellow precipitate was then collected on a 30 mL medium porosity fritted funnel,
washed with 2x15 mL Et,0 and placed under vacuum (0.298 g, 0.430 mmol, 49 % yield). '"H NMR
(CDsCN, 6): 8.4 (d, J = 2.0, 1H, PzB3(exo)), 8.16 (d, J = 2.0, 1H, PzA3(exo)), 8.1 (s(br), 2H, 2 Tp's),
8.08 (d, J = 2.0, 1H, PzB3(endo)), 8.00/7.99 (m, 2H, PzC5(exo)/Tp), 7.98 (d, J/ = 2.0, 1H,
PzA3(endo)), 7.89 (m, 2H, PzC3(ex0)/Tp), 7.81 (d, J = 2.0, 1H, PzA5(exo)), 7.71 (d, J = 2.0, 1H,
PzC3(endo)), 6.55/6.54/6.52/6.50 (t, J = 2.0, 4H, PzC4(endo)/3 Tp4's), 6.38 (t, J = 2.0, 1H,
PzC4(exo)), 6.35 (t, /= 2.0, 1H, PzA4(exo)), 1.24 (d, J = 10.4, 9H, PMe;(exo)), 1.21 (d, /= 10.1, 9H,
PMe;(endo)), Exo Isomer: 5.36 (ddddd, J = 14.6, 13.3, 8.3, 8.0, 3oy = 1.8, 1H, H3), 5.05 (ddd, J =
14.6, 1.0, *Jpy = 2.6, 1H, H5), 4.83 (dddd, J = 8.3, 2.9, 1.1, *Jpy = 1.2, 1H, H4), 3.83 (dddd, J = 8.0,
2.9, 2.9, *Jpy = 13.4, 1H, H2), 2.57 (ddddd, J = 13.3, 2.9, 1.1, 1.0, *Jpyy = 8.8, 1H, H1), Endo Isomer:
6.33 (ddddd, J = 14.3, 10.5, 7.8, 7.4, *Jp = 1.1, 1H, H3), 4.53 (ddddd, J = 7.8, 3.2, 1.2, 0.8, 3JPH =
1.0, 1H, H4), 3.70 (dddd, J = 7.4, 3.6, 3.2, 3JPH = 14.3, 1H, H2), 3.60 (dddd, J = 14.3, 1.2, 0.5, *Jpy

= 1.9, 1H, H5), 2.35 (ddddd, J = 10.5, 3.6, 0.8, 0.5, 3JPH = 9.4, 1H, H1). "*C NMR (CDsCN, &): 149.0
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(PzA3(ex0)), 147.9 (PzA3(endo)), 146.9 (d, “Jpc = 2.4, PzB3(ex0)), 145.3 (d, “Jpc = 2.4, PzB3(endo)),
1444  (PzC3(endo)), 144.1  (PzC3(exo)),  140.5/140.1/139.8/139.2 (6  Tp5's),
109.4/108.8/108.6/108.4/108.1 (6 Tp4's), 13.7 (d, Joc = 33.8, PMes(exo)), 13.0 (d, Jpc = 33.8,
PMe;(endo)), Allyl ligand signals for the Exo Isomer: 115.1 (d, Jyoc = 5.8, C3), 100.9 (d, Jpc = 2.4,
C2), 60.7 (d, Jpc = 11.3, C1). Allyl ligand signals for the Endo Isomer: 120.6 (d, Jyc = 5.8, C3), 100.1
(d, Joc = 1.8, C2), 62.3 (d, Jpc = 12.5, C1). **P NMR (CDsCN, 68): -2.91 (Jyp = 252), -7.40 (Jwp = 256).
IR: Vg = 2515 cm™, vyyo = 1647 cm™. CV (MeCN): E,, = +2.07 V, E, . = -1.08 V. ESI-MS: obs'd (%),
calc'd (%), ppm, (M-OTf)": 542.1376 (84.4), 542.1359 (88.4), 3.2; 543.1397 (64.4), 543.1384
(78.5), 2.3; 544.1392 (100), 544.1381 (100), 1.9; 545.1441 (32.2), 545.1427 (37.8), 2.5; 546.1428

(87.2), 546.1414 (85.9), 2.6.

MesP Me3p\ NO
\ NO . o /01
o 1 W
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T \k / . ™ )2
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c,~/f = C3 Ce” 7
C2 4—05 C3 4_C5
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TpW(NO)(PMe;)(1,2-n*(2,3-dimethylbut-3-en-2-ylium)][OTf]. exo-12, endo-12. In a flame
dried test tube, 2,3-dimethylbutadiene (0.91 g, 11.1 mmol) was added to a homogeneous yellow
solution of TpW(NO)(PMe;)(n*-benzene) (0.501g, 0.862 mmol) in DME (2.62 g). The tube was
added to a 57 °C oil bath and allowed to stir. The dark purple-brown solution was removed from
the warm bath after 1.5 h. An HOTf (0.130 g, 0.866 mmol) in MeCN (0.62 g) was added to the
solution to make a dark yellow solution. After 45 minutes the solution becaome heterogeneous.
The solution was allowed to stir for an additional 15 h and the yellow precipitate was collected
on a 15 mL medium porosity fritted funnel. The precipitate was washed with ~3x0.3 g DME and
placed under vacuum (0.298 g, 0.405 mmol, 47 % yield). ‘*H NMR (CD;CN, &): Endo: 8.28 (d, J =

2.0, 1H, PzC3), 8.18 (d, J = 2.0, 1H, PzB3), 8.04 (d, J = 2.0, 1H, PzC5), 7.92 (d, J = 2.0, 1H, PzA5),
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7.87 (d, J = 2.0, 1H, PzB5), 7.67 (d, J = 2.0, 1H, PzA3), 6.55 (t, J = 2.0, 1H, PzC4), 6.40 (m(overlap),
2H, PzB4), 6.35 (t, J = 2.0, 1H, PzA4), 3.36 (dd, J = 7.2, *Jp = 10.9, 1H, H1), 3.12 (dd, J = 7.2, *Jpy =
10.1, 1H, H1'"), 2.25 (s, 3H, H6), 1.92 (s, 3H, H5) 1.34 (s, 3H, H4), 1.27 (d, Jpy = 9.8, 9H, PMe;). Exo:
8.07 (m, 2H, PzC5/PzC3), 7.99 (d, J = 2.0, 1H, PzA5), 7.93 (d, J = 2.0, 1H, PzB3), 7.91 (d, J = 2.0,
1H, PzBS), 7.83 (d, J = 2.0, 1H, PzA3), 6.53 (t, J = 2.0, 1H, PzC4), 6.4 (m(overlap), 1H, PzA4), 6.38
(t, J = 2.0, 1H, PzB4), 3.71 (dd, J = 6.3, *Jo = 15.2, 1H, H1), 2.80 (dd, J = 6.3, *Jpy = 5.7, 1H, H1"),
2.38 (s, 3H, H6), 1.78 (s, 3H, H5), 1.28 (d, Jpy = 9.8, 9H, PMes), 1.00 (s, 3H, H4). *C NMR (CDsCN,
5): Endo: 176.8 (C3), 147.9 (PzA3), 145.8 (d, J = 2.4, PzB3), 145.1 (PzC3), 140.7 (PzA5),
139.6/139.5 (PzB5/PzC5), 122.2 (q, Jr = 321 Hz, Triflate), 108.7 (PzB4), 108.4 (PzC4), 108.2
(PzA4), 102.3 (d, Jpc = 3.8, C2), 65.2 (d, Jpc = 14.2, C1), 29.1 (C5), 27.0 (C6), 22.0 (C4), 13.0 (d, Jpc
= 32.6, PMe3). Exo: 152.8 (C3), 147.4 (PzA3), 145.4/145.3 (PzB3/PzC3), 141.5 (PzA5),
139.9/139.8 (PzB5/PzC5), 112.6 (d, Jpc = 4.6, C2), 108.8 (PzC4), 108.6/108.5 (PzA4/BzB4), 65.2 (d,
Joc = 14.2, C1), 27.4 (C5), 24.5 (C4), 24 (C6), 13.2 (d, YJpc = 32.8, PMes). *'P NMR (CD5CN, 6): -4.09
(Jwe = 259), -7.35 (Jwp = 258). IR: Vg = 2511 cm™, vyo = 1624 cm™. CV (MeCN): E,, = +1.93 V, Ey
=-0.78 V, Eyj; = -1.66 V. ESI-MS: obs'd (%), calc'd (%), ppm, M*: 584.1828 (71.7), 584.1828 (86.8),
0.1; 585.1858 (65.7), 585.1854 (79.3), 0.6; 586.1863 (100), 586.1852 (100), 1.9; 587.1899 (33),
587.1896 (40.1), 0.5; 588.1903 (62.3), 588.1884 (84.9), 3.1. Anal. Calc’d for CioH30BF3N;0,PSW:
C, 31.04; H, 4.11; N, 13.34; Found: C, 31.17; H, 4.29; N, 13.50.
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TpW(NO)(PMe;)(5,6-n*-4-methylcyclohexa-2,4-dienone). 17. Sodium dispersion (4.09 g, 0.053
mmol, 30-35% in wax) was added to a 2 L round-bottom flask containing a stir bar and was

stirred in 40 mL of hexanes for ~20 min. The hexanes was decanted. The sodium wax dispersion
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was stirred in an additional 40 mL of hexanes for 20 min and the hexanes decanted. Benzene
(400 mL) was added to the round-bottom flask containing TpW(NO)(PMe;)Br (5.997 g, 0.0103
mol). After 24 h, the reaction was filtered through 2 cm of Celite in a 350 mL medium porosity
fritted funnel into a 2 L filter flask, containing a stirbar and p-cresol (20.798 g, 0.1923 mmol).
The Celite was washed with 200 mL of benzene. After 24 h, the reaction mixture was
chromatographed on silica (3 cm) in a 350 mL medium porosity fritted funnel by first eluting
with toluene (200 mL), then Et,0 (800 mL), then EtOAc (1 L). A separate brown band came off of
the column with each change in eluent. The EtOAc fraction solvent was removed in vacuo,
dissolved in 30 mL of DCM, and added to 500 mL of stirring hexanes. A tan precipitate was
collected (2.553 g, 0.0419 mol, 41 % yield). *"H NMR (CDCls, 8§): 7.97 (d, 1H, J = 2.0, PzB3), 7.92
(d, 1H, J = 2.0, PzA3), 7.80 (d, 1H, J = 2.0, PzC5), 7.72 (d, 1H, J = 2.0, PzB5), 7.64 (d, 1H, J = 2.0,
PzA5), 7.38 (d, 1H, J = 2.0, PzC3), 6.29 (t overlaps with PzB4, 1H, J = 2.0, PzC4), 6.28 (t overlaps
with PzC4, 1H, J = 2.0, PzB4), 6.17 (t, 1H, J = 2.0, PzA4), 4.82 (br s, 1H, H3), 3.51 (d, 1H, J = 22.3,
H2), 3.37 (ddd, 1H, *Jpy = 12.0, J = 9.1, 2.5, H6), 2.97 (d, 1H, J = 22.3, H2’), 1.93 (d, 1H, J = 9.1,
H5), 1.55 (s, 3H, Me), 1.26 (d, 9H, ey = 8.9, PMe;). *C NMR (CDCls, 8): 208.7 (s, C1), 143.9 (s,
PzA3), 143.6 (s, PzB3), 140.4 (s, PzC3), 139.3 (s, C4), 136.9 (s, PzC5) 136.3 (s, PzB5), 136.0 (s,
PzA5), 111.6 (s, C3), 106.6 (s, PzB4 or PzC4), 106.4 (s, PzB4 or PzC4), 105.6 (s, PzA4), 64.9 (s, C5),
58.6 (d, “Jpc = 6.8, C6), 40.5 (s, C2), 25.1 (s, Me), 13.1 (d, Jpc = 28.3, PMe;). **P NMR (CD5CN, 6): -
12.30 (Jwp = 273). CV (DMA): E,, = +0.68 V. IR: vgy = 2495 cm™, veo = 1620 cm™, vy = 1566 cm™.
ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 610.1614 (66.6), 610.1621 (86.1), 1.1; 611.1649
(73.4), 611.1647 (79.5), 0.3; 612.1639 (100), 612.1645 (100), 1.0; 613.1681 (39.3), 613.1688

(40.9), 1.1; 614.1685 (80.2), 614.1677 (84.7), 1.3.
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[TPW(NO)(PMejs)(2,3-n>-1-methyl-4-oxocyclohex-2-en-1-ylium)][OTf]. 18. HOTf (0.018 g, 0.122
mmol) in ~1/2 mL MeCN was added to a vial containing 17 (0.050 g, 0.082 mmol) in ~1/2 mL of
MeCN. After 5 minutes, the dark yellow homogeneous solution was added to 75 mL of stirring
Et,O resulting in a brown precipitate. The precipitate was collected on a 15 mL fine porosity
fritted funnel and rinsed with 3x5 mL Et,0 (0.040 g, 0.052 mmol, 63 % yield). "H NMR (CD,CN,
6): 8.16 (d, 1H, J = 2.0, PzB3), 8.10 (d, 1H, J = 2.0, PzC5), 8.02 (d, 1H, J = 2.0, PzC3), 7.97 (d, 1H, J
= 2.0, PzB5), 7.94 (d, 1H, J = 2.0, PzA5), 7.67 (d, 1H, J = 2.0, PzA3), 6.61 (t, 1H, J = 2.0, PzC4), 6.48
(t, 1H, J = 2.0, PzB4) 6.36 (t, 1H, J = 2.0, PzA4), 4.74 (ddd, 1H, *Jpy = 13.7, J = 6.5, 1.3, H3), 4.69
(dd, 1H, J = 6.5, 1.5, H2), 3.33 (ddddd, 1H, J = 21.7, 9.8, 2.1, 1.5, 1.3, H6), 3.26 (ddd, J = 21.7, 9.0,
6.8, 1H, H6’), 2.42 (ddd, 1H, J = 19.0, 9.8, 6.8, H5"), 2.25 (ddd, 1H, J = 19.0, 9.0, 2.1, H5’), 1.89 (s,
3H, Me), 1.19 (d, 9H, *Jp; = 10.6, PMes). *C NMR (CD4CN, 8): 201.2 (s, C4), 184.1 (s, C1), 146.6 (s,
PzA3), 145.9 (s, PzB3), 143.5 (s, PzC3), 140.9 (s, PzA5), 140.3 (s, PzB5), 139.9 (s, PzC5) 109.4 (s,
PzB4), 109.2 (s, PzC4), 108.4 (s, PzA4), 96.9 (d, J = 2.5, C2), 73.1 (d, *Jwp = 10.7, C3), 32.9 (s, C5 or
C6), 32.9 (s, C5 or C6), 30.0 (s, Me), 12.9 (d, “Jpc = 32.8, PMes). *'P NMR (CDCls, &): -0.59 (Jwp =
267). CV (MeCN): E,, = +2.10 V, E, .= -0.67 V. IR: vg, = 2510 cm™, v = 1608 cm™ (broad). ESI-MS:
obs'd (%), calc'd (%), ppm, M": 610.1615 (103.3), 610.1621 (86.1), 0.9; 611.1628 (81.8), 611.164
(79.5), 3.1; 612.1636 (100), 612.1644 (100), 1.3; 613.168 (54.2), 613.1688 (40.9), 0.1; 614.1680

(68.7), 614.1677 (84.7), 0.6.
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[TpPW(NO)(PMes)(2,3-n-(4-oxocyclohex-2-en-1-ylium)][OTf]. 20p. HOTf (0.025-0.030 g, 0.167-
0.200 mmol) was added to a pale yellow homogeneous solution of 19p (0.015 g-0.027 g, 0.025-
0.045 mmol) in CD;CN (0.45-0.55 g) to immediately become dark yellow-brown. The solution
was transferred to an NMR tube, removed from a glovebox, frozen in Ny, and thawed just prior
to inserting a sample into the NMR spectrometer set to 235 K. 1H, 13C, 31P, COSY, NOESY, HSQC,
and HMBC data was collected at this temperature. Several minor species were produced in
<1:10 ratio to 20p. "H NMR (CDsCN, 8, 235 K): 8.29 (d, J = 2.0, 1H, PzB3), 8.20 (d, J = 2.0, 2H,
PzC3+PzC5), 8.10 (d, J = 2.0, 1H, PzB5), 8.02 (d, J = 2.0, 1H, PzA5), 7.25 (d, J/ = 2.0, 1H, PzA3), 7.03
(m, 1H, H1), 6.64 (t, J = 2.0, 1H, PzC4), 6.57 (t, J = 2.0, 1H, PzB4), 6.38 (t, J = 2.0, 1H, PzA4), 6.05
(m, 1H, H2), 4.24 (d, J = 5.3, 1H, H3), 3.72 (dd, J = 21.5, 10.5, 1H, H6), 3.19 (dd, J = 21.5, 10.2, 1H,
H6'), 3.13 (dd, J = 22.3, 10.5, 1H, H5), 2.61 (dd, J = 22.3, 10.2, 4.2, 1H, H5'), 1.12 (d, *Jp = 10.4,
9H, PMes). *C NMR (CD4CN, §, 235 K): 209.9 (C4), 145.1 (d, J = 2.5, PzB3), 145.0 (PzC3), 143.0
(PzA3), 140.7 (PzA5+PzB5+PzC5), 135.8 (C1), 119.9 (q, Yo = 320, OTf), 109.9 (PzB4), 109.4
(PzC4), 108.6 (PzA4), 93.2 (C2), 66.8 (C3), 26.3 (C5), 23.7 (C4), 11.7 (d, “Jpc = 34.3, PMe;). *'P

NMR (CDsCN, 8, 298 K): -1.91 (Jwp = 243).

Me3P\ NO o oTt

W,
Tp/ \

[TPW(NO)(PMes)(2,3-n>-(4-oxocyclohex-2-en-1-ylium)][OTf]. 20d (and 20p). HOTf (0.025-0.030

g, 0.167-0.200 mmol) was added to a pale yellow homogeneous solution of a mixture of
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coordination isomers of 19p,d (2.5:1; 0.020-0.028 g, 0.034-0.047 mmol) in CDsCN (~0.5 g) to
make a dark yellow-brown solution. The solution was transferred to an NMR tube, removed
from a glovebox, frozen in Ny; and thawed just prior to inserting a sample into the NMR
spectrometer set to 235 K. 'H, B¢, *'P, COSY, NOESY, HSQC, and HMBC data was collected at this
temperature and revealed an allylic mixture in 2.2:1 ratio. Due to multiple overlapping signals
from the Major isomer, only the phenol ligand resonances of 20q are reported. "H NMR (CD5CN,
8, 235 K): 6.75 (broad, 1H, H1), 5.66 (dd, “Jpy = 11.0, J = 5.7, 1H, H2), 5.28 (dd, J = 7.7, 5.7, 1H,
H3), 3.70 (burried, 1H, H6), 3.47 (dd, J = 22.0, 9.5, 1H, H6'), 3.26 (ddd, / = 21.4, 11.7, 2.9, 1H, H5),
2.85 (dd, J = 21.4, 9.5, 1H, H5'). **C NMR (CDsCN, 6, 235 K): 212.7 (C4), 148.3 (C1), 98.9 (d, “Jpc =

2.2, C2), 63.4 (d, Ypc = 5.9, C3), 28.1 (C5), 24.4 (C6). *'P NMR (CD;CN, &, 298 K): -0.37 (Jwp = 252).

TVIe3 P
Jo -OTf
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Tp/ \

N
PN

[TPW(NO)(PMes)(2,3-n-(4-(dimethyliminio)cyclohex-2-en-1-ylium))](OTf),. 21p. A solution of
HOTf (0.023 g, 0.15 mmol) in CH;CN (1.07 g), was added to a polypropylene vial containing 14
(0.103 g, 0.13 mmol) to make a homogeneous yellow solution. After *'P NMR analysis confirmed
the completion of the reaction, the reaction solution was transferred to vial and the solvent
evaporated under reduced pressure. The yellow film was dissolved in CH,Cl, and added to 50 mL
of stirring hexanes to precipitate a pale yellow solid. The solid was dried in vacuo (0.105 g, 0.114
mmol, 85%). Note: every piece of glassware used throughout the coarse of the reaction was
flame dried immediately before use and the DCM was dried by passage through basic Al,0;. H
NMR (CDsCN, 8): 8.22 (d, J=2.0, 1H, Tp), 8.20 (d, / = 2.0, 1H, Tp), 8.19 (d, / = 2.0, 1H, Tp), 8.09 (d,

J=2.0,1H, Tp), 8.07 (d, J = 2.0, 1H, Tp), 7.17 (m, 1H, H4), 7.12 (d, J = 2.0, 1H, Tp), 6.65 (t, J = 2.0,
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1H, Tp4), 6.58 (t, J = 2.0, 1H, Tp4), 6.47 (t, J = 2.0, 1H, Tp4), 5.92 (broad, 1H, H3), 3.93 (d, J = 6.4,
1H, H2), 3.69 (m, 1H, H5), 3.56 (s, 3H, N-Me), 3.32 (m, 1H, H5), 2.91 (dd, J = 20.1, 9.5, 1H, H6),
2.74 (s, 3H, N-Me’), 2.47 (dd, J = 20.1, 6.2, 1H, H6), 1.22 (d, J = 10.1, 9H, PMe;). *C NMR (CDCN,
5): 182.8 (C1), 145.5 (Tp), 145.0 (Tp), 142.4 (Tp), 140.9 (Tp), 140.7 (Tp), 140.5 (Tp), 133.3 (C4),
109.8 (Tp4), 109.5 (Tp4), 109.0 (Tp4), 94.9 (C3), 62.6 (C2), 44.0 (NMe), 43.7 (NMe), 24.7 (C5),
24.5 (C6), 12.4 (d, *Jpc = 34.0, PMe3). *'P (CD5CN, §): -5.29 (Jpw = 248). CV (MeCN): E,, = +2.35 V,
E,.=-0.30 V. IR: vgy = 2506 cm™, v = 1678 cm™, v = 1581 cm™* (broad). ESI-MS: Sample was too
unstable to collect HRMS data.
Me3P\ :\\[\IO C1

W. l
/ HiXH2 o2
Tp

C5 —» /L/‘— 3

3 e ¢4
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TpW(NO)(PMe;)(Exo-1,2-n>-2,3-dimethylbutadiene). 22 (exo0-22). NEt; (0.100 g, 0.988 mmol)
was added to a heterogeneous yellow solution of 12 (0.101 g, 0.137 mmol) in CHCI; (6.68 g) to
make a homogeneous solution that was added to a 54 °C oil bath and was allowed to stir. After
1 hour, the yellow solution was remove from the oil bath and glovebox. The solution was diluted
with 100 mL Et,0 and extracted with 4 x 25 mL NaHCO; (saturated, aqueous). The water layer
was back-extracted with 2 x 25 mL Et,0. The organic layer was dried with MgSQ,, filtered
through a 60 mL coarse porosity fritted funnel and the solvent removed to yield a pale yellow
solid (0.079 g, 0.135 mmol, 98 % yield; uncorrected for small amount of residual DCM). "H NMR
(CDCl,, 8): 8.33 (d, J = 2.0, 1H, PzA3), 8.10 (d, J = 2.0, 1H, PzB3), 7.7 (d, J = 2.0, 1H, PzC5), 7.66 (d,
J=2.0, 1H, PzB5), 7.64 (d, J = 2.0, 1H, PzA5), 7.58 (d, J = 2.0, 1H, PzC3), 6.25 (t, J = 2.0, 1H, PzB4),
6.21 (t, J = 2.0, 1H, PzC4), 6.17 (t, J = 2.0, 1H, PzA4), 4.71 (br(s), 1H, H3), 4.28 (d, J = 2.6, 1H, H4),

2.55 (dd, *Jpy = 10.3, J = 5.9, 1H, H2), 1.72 (br(s), 3H, Me-6), 1.44 (dd, *Jpy = 9.0, J = 5.9, 1H, H1),
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1.35 (d, Ypy = 8.1, 9H, PMe3), 0.88 (d, J = 1.2, 3H, Me-5). *C NMR (CDCls, 8): 157.1 (d, *Jpc = 1.5,
C3), 143.4 (PzB3), 141.8 (PzC3), 141.0 (PzA3), 136.4 (PzC5), 135.8 (PzA5), 135.6 (PzB5), 106.9
(C4), 106.0 (PzB4), 105.7 (PzA4), 105.6 (PzC4), 60.8 (C2), 50.2 (d, %Jpc = 11.0, C1), 24.0 (d, *Jpc =
1.7, C5), 21.2 (C6), 13.7 (d, Ypc = 27.7, PMe3). *'P NMR (CDCls, 8): -13.95 (Jyp = 266). IR: vgy =
2482 cm™, v = 1592 cm™, vyo = 1545 cm™. CV (MeCN): E,, = +0.37 V. ESI-MS: obs'd (%), calc'd
(%), ppm, (M+H)": 584.1828 (93.4), 584.1828 (86.8), 0.0; 585.1861 (94.3), 585.1854 (79.3), 1.1;
586.185 (100), 586.1852 (100), 0.3; 587.1899 (47.6), 587.1896 (40.1), 0.5; 588.1888 (108.8),

588.1884 (84.9), 0.5.

NO
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TpW(NO)(PMe;)(1,2-n*-2,3-dimethylbutadiene). Endo-22, Exo-22. Isolated Endo:Exo ratio 1.6:1.
Butadiene (0.200 g, 2.44 mmol) was added to an oven-dried test tube containing a
heterogeneous solution of TpW(NO)(PMes)(n*-benzene) (0.105 g, 0.181 mmol) and DME (1.51
g). The solution was added to a 54 °C oil bath and allowed to stir for 1 h 40 min. The solution
was removed from the oil bath and diluted with 40 mL hexanes in a 125 mL filter flask to
precipitate a small amount of material. As the solvent was removed and the solution cooled
down, some brown precipitate formed. The solvent was removed completely. The residue was
redissolved in 1 mL DCM and 25 mL Et,0 was added to the solution followed by the addition of
25 mL of hexanes.The solution was cooled via evaporation for ~5 minutes and a brown
precipitate formed and was collected on a 15 mL fine-porosity fritted funnel and was discarded.

The filtrate solvent was removed in vacuo, the residue was transferred to a vial tared vial with
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DCM, andthe solvent was removed in vacuo to produce a light brown solid (0.084 g, 0.144
mmol, 79 % vield). *H NMR (CDCls, 8): Endo: 8.11 (d, J = 2.0, 1H, PzA3), 8.03 (d, J = 2.0, 1H, PzB3),
7.64 (d, J = 2.0, 2H, Tp5+Tp5), 7.62 (d, J = 2.0, 1H, Tp5), 7.44 (d, J = 2.0, 1H, PzC3), 6.23 (t, J = 2.0,
1H, PzB4), 6.18 (t, / = 2.0, 1H, PzA4), 6.12 (t, J = 2.0, 1H, PzC4), 4.52 (d, J = 2.5, 1H, H4), 4.14 (dd,
J=2.5,1.0, 1H, H3), 2.28 (s, 3H, Me-5), 2.15 (dd, */py = 11.1, J = 5.4, 1H, H1), 1.92 (dd, */py = 8.7,
=5.4, 1H, H2), 1.34 (d, *Jp = 8.1, 9H, PMe3), 0.45 (d, J = 1.0, 3H, Me-6). >C NMR (CDCls, 8): Endo:
155.1 (d, *Jpc = 2.4, C3), 143.7 (d, J = 1.6, PzB3), 143.3 (PzA3), 142.6 (PzC3), 136.1 (Tp5), 135.8
(Tp5), 135.6 (Tp5), 108.1 (C4), 105.9/105.9 (PzA4/PzB4), 105.2 (PzC4), 60.9 (C2), 48.8 (d, *Jpc =
11.1, C1), 29.9 (C5), 21.1 (C6), 13.9 (d, Ypc = 27.8, PMes). **P NMR (CDCls, 8): -14.29 (Jyp = 267
Hz). The exo isomer was characterized independently. IR: vgy = 2482 cm™, v =1592 cm™, vyo =
1545 cm™. CV (MeCN): E,. = +0.38 V. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)*: 584.1836
(104.7), 584.1828 (86.8), 1.4; 585.1866 (69.4), 585.1854 (79.3), 1.9; 586.1877 (100), 586.1852

(100), 4.3; 587.1916 (42.1), 587.1896 (40.1), 3.5; 588.1899 (94.6), 588.1884 (84.9), 2.5.
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Endo (Major) Exo (Minor)

2.7:1
TpW(NO)(PMe;)(1,2-n*-2,3-dimethylbut-1-ene). endo-23, exo-23. NaBH, reduction of 12.
MeOH (0.43 g) was added to a vial containing NaBH, (0.028 g, 0.740 mmol) and the
heterogeneous solution quickly transferred to a vial containing a bright yellow solution of 12
(0.021 g, 0.029 mmol) in MeOH (0.43 g). Vigorous effervescence occurred and the solution color

becoming pale yellow. After 20 minutes, the reaction solution was removed from the glovebox,
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diluted with DCM (15 mL), extracted with 3x15 mL NaHCO; (saturated, aqueous), back-extracted
with 2x15 mL DCM, dried with MgSO,, filtered through a 60 mL coarse-porosity fritted funnel,
and the filtrate solvent removed in vacuo. The residue was transferred to a tared vial with 4x2
mL DCM, and upon evaporation of the solvent, a thin flaky tan solid was produced (0.012 g,
0.020 mmol, 72 % vyield; 2.7:1 Endo-23:Ex0-23). 'H NMR (CDCls, 8): Endo isomer: 8.20 (d, J = 2.0,
1H, PzA3), 7.95 (d, J = 2.0, 1H, PzB3), 7.69 (d, J = 2.0, 1H, PzC5), 7.67/7.63 (d+d, J = 2.0, 1+1H,
PzA5/PzB5), 7.42 (d, J = 2.0, 1H, PzC3), 6.2 (t+t, J = 2.0, 1+1H, PzA4/PzB4), 6.18 (t, J = 2.0, 1H,
PzC4), 2.06 (s, 3H, Me-4), 1.98 (dd, *Jpy = 10.0, J = 4.9, 1H, H1), 1.49 (dd, */py = 10.7, J = 4.9, 1H,
H2), 1.33 (d, *Jpy = 7.9, 9H, PMe;), 0.98 (d, J = 6.9, 3H, Me-5), 0.87 (septet, J = 6.9, 1H, H2), -0.23
(d, J=6.9, 3H, Me-5'), Selected minor isomer (Exo) signals:, 8.37 (d, J = 2.0, 1H, PzA3), 8.2 (d, J =
2.0, 1H, PzB3), 7.67 (d, J = 2.0, 1H, PzB5), 7.58 (d, J = 2.0, 1+1H, PzA5/PzC5), 6.26 (t, J = 2.0, 1H,
PzB4), 2.12 (m, 1H, H3), 2.10 (dd, */py = 12.1, J = 5.2, 1H, HlorH2), 1.35 (d, J = 6.9, 3H, Me-5),
1.29 (dd, ¥py = 8.3, J = 5.3, 1H, H1lorH2), 1.24 (Ypy = 8.3, 9H, PMes), 1.16 (d, J = 6.9, 3H, Me-5'),
1.01 (s, 2H, Me-4). *C NMR (CDCls, 8): Endo Isomer (Major): 143.6 (PzA30rPzB3), 143.5 (d, J =
1.8, PzA30rPzB3), 141.6 (PzC3), 136 (Tp5), 135.9 (Tp5), 135.3 (Tp5), 105.6 (Tp4+Tp4), 105.3
(Tp4), 60.7 (C2), 50.0 (d, %Jpc = 11.2, C1), 37 (d, J = 1.9, C3), 26.5 (C5), 21.6 (d, J = 1.4, C4), 18.4
(C5'), 13.9 (d, Ypc = 27.5, PMes), Exo Isomer (Minor): 145.5 (PzA3), 143.4 (d, J = 1.5, PzB3), 141.8
(PzC3), 136.2 (Tp5), 135.3 (Tp5), 135.1 (Tp5), 105.9 (Tp4), 105.3 (Tp4), , 105.2 (Tp4), 62.3 (C2),
50.5 (d, “Jpc = 11.0, C1), 41.8 (C3), 25.2 (C5), 24.2 (C5'"), 20.1 (d, J =2.1, C4), 13.1 (d, *Jpc = 27.9,
PMes). *'P NMR (CDCls, 8): -13.42 (Jwp = 264; exo), -14.48 (Jyp = 261; Endo). CV (MeCN): £, , =
+0.24 V. When the scan rate is increased to >200 mV/s the £, ,become an E;, = +0.20 V. IR: vgy =
2485 cm™, vyo = 1540 cm™. ESI-MS: obs'd (%), calc'd (%), ppm, (M+H)": 586.2002 (106.7),
586.1985 (86.8), 2.9; 587.2021 (79.3), 587.2011 (79.3), 1.8; 588.1998 (100), 588.2008 (100), 1.8;

589.2059 (41.8), 589.2052 (40.1), 1.1; 590.2064 (99.2), 590.2041 (84.9), 3.9.
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Na/Hg amalgam reduction of 12: Na/Hg (1%; 4.01 g, 1.740 mmol) was added to a yellow
heterogeneous solution of 12 (0.022 g, 0.030 mmol) and DME (6.41 g). The solution was allowed
to stir and within 2 minutes the solution had become purple. After 2.25 h, the murky purple
solution was filtered through a pipette containing celite and the filtrate solvent removed in
vacuo. The crude residue was dissolved in CDCl; to produce a pale yellow solution and left a
white solid in the evaporating flask. NMR: Three isomers are present in a 2.6:1:1.1 ratio (exo-

23:ex0-22:endo-23).
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Concluding Remarks
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Our first goal was to overcome the detrimental binding of pyridine’s nitrogen
with tungsten. We were able to avert this problem by masking the nitrogen with borane
prior to binding with tungsten. Next, we were able to deprotect the pyridine and replace
it with several different electrophilic groups. Nucleophilic addition to one of these
complexes, N-acetylpyridinium, produced an array of mild and highly regio and
stereoselective nucleophilic additions to generate dihydropyridine complexes, which are
the first of their kind. Stepwise tandem electrophilic/nucleophilic additions and
cycloadditions produced di-, tri-, and tetrasubstituted tetrahydropyridine complexes.
Most of these tetrahydropyridine complexes could be removed from the metal via

oxidation (Scheme 1).
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Scheme 1: Modification of Pyridine with {TpW(NO)(PMes)}.
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By using the methods summarized above, we have been able to convert the
simple parent pyridine molecule into new organic compounds in such a way as to
selectively add two, three, or four groups at specific locations of pyridine, to fully utilize
the available reaction sites of pyridine that are allowed by the 16 e  metal fragment
{TpW(NO)(PMes)}. The tungsten complex has reversed the polarity of the ring carbons
by polarizing the conjugated enamide such that electrophiles add a-to-N and
nucleophiles B-to-N. Because these additions are opposite to the typical reactivity of
pyridine, new chemical patterns are produced (Scheme 2). This umpolung of reactivity
has allowed for the introduction of new classes of organic piperidinamides in ways

previously inaccessible to chemists by other methods.
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Scheme 2: Metal Re-Polarization of Pyridine Leading to the Isolation of Several Classes

of Piperidines.
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When comparing the reactivity of the N-acetylpyridine to that of substituted
pyridines with the tungsten system, the versatility of the parent pyridine becomes
apparent. For example, while substituted nz—coordinated pyridines (e.g. 2,6-lutidine and
2,6-dimethoxypyridine) are capable of concerted [4+2] Diels-Alder cycloaddition
reactions with the exposed diene motif, additional metal mediated modification of the
resultant cycloadduct is limited, as  systems are not in conjugation with the metal.
However, in the case of the parent pyridine multiple linear synthetic routes are possible,
each of which is intimately dictated by the coordinated metal.

Comparing our piperidine work to that of the methodological forerunners in the
field helps to put our work in context by giving us a peak at the “bigger picture”. The
methodologies of the Comins and Liebskinds groups are those that are well developed
and most closely resemble ours. First we can analyze the possible substituent
connectivities that are incorporated into the piperidine core (Table 1). When we do so,
it becomes obvious that our work is still in its infancy, but also reveals the potential
chemical arenas that we might possibly enter. For example, while we have developed
methods to produce tetra-substituted piperidine cores, the Comins group has elegantly
been able to incorporate substituents into every position of the piperidine core,
producing up to hexa-substituted piperidines, and in nearly every possible combination
on connections (e.g. substituents at 2,3; 2,4; ... 2,3,4; ... 2,3,4,5; ... 2,3,4,5,6).

The relative stereochemistry of the attached groups is clearly most varied with
Comins methodology (see Table 1). Liebeskind work complements Comins well with

additional relative stereochemistries possible. Specifically, the relative stereochemistry
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of Comins’ 2,3-substituted and 2,3,6-substituted piperidines are opposite one another.
Harman’s methodology complements the Liebeskind methodology by adding 2,5-
substituted piperidines to the possible metal mediated transformations. When
compared to Comins piperidines, the 2,3,6-substituted piperidines are complementary

to one another.

Table 1: Relative stereochemistry of piperidine substituents produced by selected
research groups. Values are based upon published results but probably do not include
every product synthesized by the three research groups. - no published results yet; *

selectivity dictated by oxidation procedure

Substituents Comins Liebeskind Harman
2,3- anti syn anti
2,4- syn - -
2,5- syn - syn
2,6- anti syn -

2,3,4- anti, syn = -

2,3,5- anti, syn'; ] ]
syn, anti

* o
2,3,6- syn, anti Z\:\:i":,ssx/nr; syn, syn

2,4.6- syn,' syn,; ] ]
anti, syn

2,3,4,5- anti, anti, anti = -

2,3,4,6- anti, anti, syn - -

2,3,5,6- syn, anti, anti = -

2,3,4,5,6- anti, syn, syn, anti - -

Even though the Harman methodology has the ability to perform stereoselective
transformations, a drawback is the lack of the ability to generate enantioselective

products, which is unlike the Comins and Liebeskind groups. Perhaps adoption of a
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similar strategy to Comins by selection of an appropriate chiral nitrogen protecting
group could allow for both the simple cleavage of the protecting group and the ability to
perform enantioselective chemistry with the tungsten metal system.

Even though Harman’s work is still in its infancy, the importance is revealed
when we compare where addition groups can be incorporated into the piperidine core
(Table 2). For example, incorporation of various electrophilic and nucleophilic groups
into the piperidine ring is dictated by the placement of the nitrogen atom for Comins
procedures. For the most part, the same is true for the Liebeskind synthetic procedures.
Nucleophilic additions have been performed at the 3 position of the piperidine ring,
however, with Grignard additions to a ketone at the 3 position and with intramolecular
homo-Sy2’-like reaction conditions. It seems reasonable that expansion of the
Liebeskind work to include more and milder nucleophilic addition methodologies to the
B position might be the natural progression of this work. The Harman group
complementarily utilizes the coordinated metal to switch the polarization of both the 3
and 5 positions of the pyridine ring allowing mild nucleophiles to add to positions where
electrophiles should without the metal, and vice versa. With this work, we have broken
into new chemical space and added to the methodological arsenal that the Comins and
Liebeskind groups have developed. Another distinction between Liebeskind and Harman
groups work is the starting materials utilized (i.e. modified and rearranged furan vs
pyridine, respectively). Thus, these two methodologies complement each other well as
the selection of one of the starting materials might lead to a desired target while the

other would not.
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Table 2: Positions of piperidine where additions occur.

Addition Type Comins Liebeskind Harman
Nucleophilic 2,4,6 2,3,6 2,3,5
Electrophilic 1,3,5 1 1,2,6

Throughout the exploration of the Harman group methodology, several projects
evolved that, while indirectly related to the modification of pyridine, enhanced our
fundamental understanding of the m-basic tungsten system. For example, nucleophiles
capable of 4e” donation (20 and 2mn electrons) induced ring-opening of coordinated
pyridine systems and led to the formation of r]2 metallo-cyanines. In all cases examined,
the resulting ring-opened ligands have extended m systems relative to their precursors.
This extended conjugation allows the electron-rich metal center to further disperse its
electron density via backbonding into the more m-acidic ring-opened ligand, thus
presenting a driving force for the ring opening reaction. In a second example, the
discovery of highly asymmetric allyls of dihydropyridine complexes led us to launch a
computational investigation into the origin of the spectroscopically and structurally
observed distortions. We found that the potent m acid, nitrosyl, in {TpW(NO)(PMes)} is
responsible for causing the observed distortions. The nitrosyl produces a single high
energy metal d orbital orthogonal to the axis that it sits on. This high energy orbital is
capable of interacting with the allyl m,, and n*, while the Tp ligand (not the PMej)
distorts the HOMO of the metal such that the C1 terminus of allyls are located distal to
the phosphine, rather than proximal to the phosphine.

Over the course of this work, many new organic compounds have been

produced that have not previously existed. Additionally, the products of the
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methodologies that we have introduced are reasonably complementary to those put
forth by the Comins and Liebeskind groups. The National Institutes of Health and
collaborators have collected several of these and have begun testing these compounds
for medicinal activity. Also, Sigma-Aldrich has begun the process of supplying precursors
to the novel piperidines, which enhances the likelihood that chemists who do not
specialize in the organometallic chemistry of {TpW(NO)(PMe3) will use the new
methodologies presented in this work. Once again, the value of this work, and all work
done in the Harman group, will be amplified exponentially when a resolution of the

metal has been successfully achieved.





