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Committee Chair: Suzanne Bart

It is well-known that f-block elements can exhibit coordination modes which surpass
those of the transition metals. With uranyl and uranium bis(imido) complexes a strong
preference is shown for the oxo or imido ligands in the trans- position; a phenomenon
which is known as the inverse trans- influence which is unique to high valent actinides.
However, when a third imido is added to the complex, a decrease in bond order occurs and
this preference is diminished. Through the synthesis of several novel coordination
complexes of tris(2,6-diisopropylphenyl)imido uranium [U(NDipp)s] with a variety of
ligands, we were able to analyze the energy differentials between bonding modes in both
the solution and solid state. Furthermore, density functional theory calculations were
employed to model the energetic preferences between these geometries. The combination
of analyses gives rise to the observation that the orientation of the imido substituents is
fluxional depending on the rigidity of the supporting ligands, and oftentimes exhibits low
energetic barriers for the formation of different conformers.

Uranium tris(imido) species bearing trans-imidos are desirable synthons as they
can be used to mimic reactivity of more complicated uranium oxide polymeric systems.
Such systems are advantageous as they are easily soluble in organic solvents, making them
amenable to standard characterization methods and ligand substitution strategies. Our
group has previously shown that uranium tris(imidos), easily synthesized from
[(MePDIMe)U(THF)]2 and various azides, feature axial imido substituents exhibiting
differing bond characteristics than the adjacent equatorial imido substituent. The aim of
this work is to show that multiple analogues of mixed imido products can be formed from
either the aforementioned dimer or stable tris(imido) synthons by exploiting reactivity

differences between the axial and equatorial positions.
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Presented herein are novel copper-catalyzed ring opening reactions of
cyclopropanols and various electrophiles to synthesize a variety of beta-functionalized
ketones. The reactions feature mild conditions and tolerates a wide selection of functional
groups leading to complex products which can be used in the synthesis of bioactive

molecules.
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CHAPTER 1. LEWIS BASE ADDUCTS OF URANIUM
TRIS(IMIDO) COMPLEXES

1.1 Introduction

Our group has recently reported the synthesis of multiple uranium tris(imido)
complexes; one supported by solvent ligands ((thf)sU(NDipp)s (1-thfs) (Dipp = 2,6-
diisoproylphenyl)) and the other two supported by a redox-active ligand
((MPDIM)U(NMes)z (1-PDI-Mes) (MePDIMe = 2,6-(2,4,6-Me3s-CeH2-N=CMe)2CsHzN)
(Mes = 2,4,6-trimethylphenyl), (MePDIMe)U(NDipp)s (1-PDI-Dipp)) (Figure 1.1).1% These
complexes were the first of their kind and showed for the first time that uranium was
capable of supporting three confirmed multiple bonds at a single center. The synthesis and
characterization of these complexes was well overdue, as many of their transition metal

analogs M(UNR)3(L)x have been known for nearly 30 years.>”

Figure 1.1 Structural representations of 1-PDI-Mes, 1-PDI-Dipp, and 1-thfs
respectively.

Structural data of uranium (VI) complexes bearing multiply-bonded ligands is

comprised predominantly of molecules displaying the UO2** or UNR:zL2 formalism with
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the ligands existing in the trans- position.® Contrary to the transition metals, high valent
actinides exhibit stabilization through strongly donating trans-ligands as is evidenced by
shortened and bond distances. The stability and driving force towards the formation of this
framework arises from the inverse trans-influence (ITI), which involves the mixing of core
6p orbital density with that of the 5f.° For the bis(imido) complexes, only complexes
bearing the highly bulky and electron donating Cp” ligands, CpR2U(NR)2,1%** deviate from
the trans- orientation of the imido substituents.

Synthesis of linear uranium bis imidos began in 2005 by James Boncella and co-
workers with the synthesis of U(NPh)2L2 (L = thf, I).}2 From that seminal publication, a
vast library of syntheses emerged along with examples of reactivity. In 2006 they
discovered that, not only could the equatorial ligands be substituted, but one of the imidos
could be replaced with an oxo ligand through the addition of a single equivalent of
water.’*'* Further studies by Boncella and colleagues provided great insight to the
reactivity of uranium bis(imidos) but never culminated in the synthesis of a uranium
tris(imido).

The synthetic routes towards 1-PDI-Dipp and 1-thfz are similar in that uranium
tris(iodide) is mixed with a reducing reagent, then oxidized to uranium (V1) upon addition
of azide. Although these complexes have parallel syntheses and bear identical imido-based
substituents, they are structurally unrelated with 1-PDI-Dipp being pseudo mer-octahedral
and 1-thfs being pseudo fac-octahedral. Whereas bis(imidos) display a strong preference
for trans- multiply-bonded substituents, the addition of a third imido appears to diminish
this preference. In previous work we have shown that the increased n-donation from the
third imido substituent has been shown to weaken the trans- bonding manifold such that
preference for the trans- orientation is overcome.?*®

In contrast to this observed phenomenon, fluxional geometries are not known for
the transition metal tris(imido) analogs [M(NR)3] which most commonly display a bent
pyramidal imido orientation. (Figure 1.2a) Throughout the early to mid-1990’s an entire
library of tris(imidos) were synthesized including group V (Nb, Ta),® group VI (Mo, W),*1¢
group VII (Re, Tc),>® and group V111 metals (Os).” The prevalent bent pyramidal geometry
observed for all molecules, excluding the Re and Os examples, arises from increased

bonding with multiple d orbitals, as well as minimized trans-influence repulsions. The only
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variation from this pyramidal geometry is noted in the d?> Os(NDipp)z and [Re(NDipp)s]
complexes, as occupation of the dz? orbital forces adaptation of a trigonal planar geometry
(Figure 1.2b).” While the T-shaped orientation of the imido substituents (Figure 1.2c) in 1-
PDI-Dipp and 1-PDI-Mes seems unique in comparison to transition metal analogs, this
coordination geometry is logical when the steric nature of the PDI ligand is considered.
Likewise, the coordination geometry of 1-thfsis also predictable, as it bears a bonding

formulism similar to its transition metal analogs.

SN S S

Pyramidal Trigonal T-shaped

Figure 1.2 Geometries for tris(imido) complexes.

Due to the interesting structural differences between these two complexes, new
coordination complexes of 1-thf; were sought out to further investigate the types of
coordination complexes available for the uranium tris(imido). Interestingly, upon addition
of a single equivalent of M*PDIM¢ to 1-thfs, the quantitative conversion to 1-PDI-Dipp
occurred with the loss of all thf ligands. This led to the hypothesis that other Lewis base
adducts of the [U(NR)3] framework could be constructed taking advantage of the rapid
THF dissociation.

In our previous report,” we stated that the coordinated thf ligands of 1-thf; are
highly labile, with rapid dissociation/association occurring in solution, as was noted by
highly broadened thf resonances in the *H NMR spectrum (Scheme 1.1). In the presence
of non-coordinating solvents (toluene/pentane), crystals of (thf)2U(NDipp)s (1-thf,) could
be isolated at -35 °C and analyzed by X-ray diffraction. Refinement of the data revealed a
penta-coordinate uranium center with two bound THF ligands and three imido substituents

(Figure 1.3). The symmetry/coordination geometry of this complex lies in between a Cav
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(trigonal bipyramidal) and C2v (square pyramidal) symmetric complex. The U=N bonds in
1-thf, are slightly shorter with respect to 1-thfs, with U-N bond distances ranging from
1.966(2) to 1.995(2) A. The N1-U1-N3 bond angle of 149.48° is slightly more obtuse than
the other two, N1-U1-N2 = 101.46° and N2-U1-N3 = 108.98° and, using geometric
calculations developed by Muetterties and Guggenberger,*® the molecular structure is
calculated to be closer to the C2v symmetric structure than the Dsn Symmetric structure.
Despite the pseudo trans- orientation of the imido substituents, no axial contraction is noted.
The U-O bond distances for the two thf ligands of 2.411(2) and 2.456(2) A, are significantly
truncated from the U-O distances seen in 1-thfs (2.595 — 2.618 A). The orientation of the
imido substituents in 1-thf, is very similar to the predicted gas phase structure of UQOs,

whose trans-oxo substituents deviate from the idealized T-shaped orientation (165 — 158°).

Scheme 1.1 Equilibrium between 1-thf; and 1-thf, in solution
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Figure 1.3 Molecular structure of 1-thf, with non-carbon atoms displayed at 30%
probability ellipsoids. Hydrogen atoms and outer sphere solvent molecules have been
omitted for clarity.

Despite this difference in coordination geometry from 1-thfs, attempts at analysis
of these crystals by *H NMR spectroscopy revealed no difference from parent complex,
with only signals from the imido substituents being visible. This suggests that 1-thfs; and
1-thf, are in a rapid equilibrium with one another in solution, and that the solution phase
structure depicted by *H NMR spectroscopy is likely a superposition of 1-thfs and 1-thf,
with the two being very similar in symmetry (Scheme 1.1).

Since it was known that complete substitution of the THF ligands with another
supporting ligand (M*PDIM¢) forced a complete geometry change in the imido substituents,
calculations at the PBE/ZORA/TZ2P level of theory were sought for the energy differences
in these two conformations. By comparing the calculated bond distances of 1-thfz in both
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the fac and mer conformations with the experimentally gathered data (Table 1.1), an energy

diagram of the different conformations could be constructed (Figure 1.4).

Table 1.1 Selected bond distances for 1-thfsz and calculated bond metrics for both fac- and
mer- isomers of 1-thfs.

(thf)sU(NDipp)s

Bond

Ul-N1

U1-N2

U1-N3

Ul-01

U1-02

U1-03

Bond

N1-UI-N2

N1-UI-N3

N2-UI-N3

N1-Ul-O1

N2-Ul-02

N3-UI-O3

Expt.

1.986(14)
2.000(16)
2.010(15)
2.595(13)
2.616(13)

2.618(12)

99.7(5)
99.8(5)
101.6(5)
165.9(2)
162.2(5)

162.2(4)

Calculated

fac

Distance (A)

2.006
2.008
2.009
2.699
2.698
2.696
Degree (%)
104.5
103.0
102.4
159.4
162.4

161.3

Calculated
mer

1.955

2.010

1.995

2.534

2.831

2.532

96.76

166.59

96.65

87.61

179.39

87.56
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The change in energy of the bond can be calculated by subtracting the interaction
energy (AEint) from the total deformation energy (AEder). The interaction energy takes into
account steric interactions, including Pauli repulsion and electrostatic interaction, as well
as orbital interactions while the total deformation energy is a summation of the fragmented
energies of the two fragments formed. When these calculations are applied to the calculated
bond distances in Table 1.1, an interesting observation is made. The 1-PDI-Dipp similar,
but heretofore unobserved, mer conformer of 1-thfs is significantly higher in energy than

either 1-thf; or fac 1-thfs thus yielding explanation as to why it has yet to be detected.

AEbcnd = '&Edef i AEint
ﬂ‘El'nl. ﬂEI’nt
AE e
(THF);U(NR); lﬂEbund
mer
(THF}IU(NR:H I ﬂ‘Ebond !
EL}_} AE g = 1.69 keal (THF);U(NR);
o - AE,.q = -1.09 kcal ~ fac
e na o
= ? $a Symmetry —o".:"!| N ? C;, symmetry | .--.O‘j. T
_ /\ﬂol_.\ T-shaped ~A Trigonal W N
geometry /‘ﬁ-\ pyramidal
geometry

Figure 1.4 Energy diagram between possible conformers of thf supported U(NDipp)s.

While ligand dissociation from tris(imido) complexes is not unprecedented, the
drastic structural changes we have observed resulting from ligand dissociation are unusual.
Since orbital overlap typically dictates the orientation of these highly donating substituents,
investigating the changes of conformation with f-block atoms gives more possibility of
fluctuation than d-block metals. To investigate this phenomenon further we sought to

investigate the incorporation of more highly donating ligands.
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1.2 Results and Discussion

Since the structures of 1-PDI-Dipp and 1-thf; had such drastically different
geometries, a handful of ligands were selected to probe the ligand effect. A selection of
mono-, bi- and tridentate ligands were used, as well as the oxygen containing

triphenylphosphine oxide (Scheme 1.2).
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Scheme 1.2 Synthesis of Lewis base derivatives of U(NDipp)s(L)n.

We began with the addition of three equivalents of 4-dimethylaminopyridine
(DMAP) to a toluene solution of 1-thfs. Removal of the solvent in vacuo resulted in
isolation of (dmap)sU(NDipp)s (1-dmaps) in good yield (91%). Despite being synthesized
from 1-thfs, analysis of crystals of 1-dmaps by X-ray diffraction reveals a T-shaped
orientation of the imido substituents with an overall mer-octahedral conformation much
like 1-PDI-Dipp (Figure 1.5). The two axial U=N bonds, related by a N-U-N binding angle
of 168.33°, display bond distances of 2.005(5) and 1.974(4) A, which are slightly truncated
with respect to the equatorial U=N bond of 2.028(4) A. The two trans U-Namap interactions
show typical U-N dative distances, with bond distances of 2.555(6) and 2.573(4) A. (ref)
The U-Namap bond trans to the equatorial imido, however, is elongated by over 0.1 A, with
a bond distance of 2.698(5) A. This can be attributed to a trans-influence but is in contrast

to what is commonly observed in high valent uranium.
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Figure 1.5 Molecular structure of 1-dmaps with non-carbon atoms displayed as 30%
probability ellipsoids. Hydrogen atoms and outer sphere solvent molecules have been
omitted for clarity.

The T-shaped orientation of imido substituents in the solid-state structure of 1-
dmaps is nearly identical to that of 1-PDI-Dipp, despite the coordinative freedom of the
DMAP ligands. However, analysis of 1-dmaps by *H NMR spectroscopy does not agree
with the solid-state structure (Figure 1.6). While the *H NMR spectrum of 1-PDI-Dipp
agrees with the solid-state structure with two sets of imido based resonances in a 2:1 ratio
concurrent with a Czv symmetric molecule, the *H NMR spectrum of 1-dmaps looks nearly
identical to 1-thfz, with only a single set of resonances for all three imido substituents. A
large broad doublet at 1.44 ppm is assigned as the iPr-CHs, with its corresponding iPrCH
resonating at 5.41 ppm. The p-ArH resonance has shifted to 5.19 ppm and the m-ArH

resonance is found at 7.99 ppm. At first, the signals for the dmap ligands seem completely
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absent. However, upon closer investigation, spectra taken over the course of 24 hours show
the disappearance of free dmap and a growth of free thf (Figure 1.7). Using this information
we observe the signals for the coordinated dmap ligands being significantly broadened, but
visible at 1.95, 5.79, and 9.20 ppm. In agreement with the solution behaviour seen for 1-
thfs, the breadth and distribution of ligand resonances would suggest rapid association and
dissociation, leading to a solution state structure more similar to a theoretical
(dmap)2U(NDipp)s (1-dmap.) (Scheme 1.3) Unfortunately, attempts at isolation of
crystals of 1-dmapz by similar methods as was done for 1-thf,, only afforded crystals of
1-dmaps despite the use of only two equivalents of ligand.

iPr- CH, (6)

THF
Ar-CH (2) |

“ [ l iPr- CH (2)
Ar-CH (1) THF

6.0 5.5 5.0 4.5 4.0 3.5 a0 2.5 2.0 1.5 1.0 .5

Figure 1.6 *H NMR spectrum of 1-dmaps at room temperature in toluene-ds.
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Figure 1.7 *H NMR spectrum in benzene-ds at room temperature of DMAP ligands
displacing thf ligands on uranium tris(imido).

Scheme 1.3 Equilibrium between 1-dmaps and 1-dmap: in solution.

Since the molecular structure of 1-dmaps was in stark contrast to what had

previously been observed and calculated for 1-thfs, the question arose whether the
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formation of meridional 1-dmaps was a structural anomaly. To address this, variable
temperature *H NMR spectroscopy was employed (Figure 1.8). Starting at 50 °C, the
spectrum of 1-dmapsz displays sharp resonances for the imido substituents, however upon
cooling these resonances begin to broaden and shift drastically which broaden into the
baseline at -20 °C. Continued cooling reveals a new set of resonances, which sharpen to
clarity at -40 °C. This new conformer displays 12 resonances, indicative of a change in

symmetry to Cav, similar to the solution structure of 1-PDI-Dipp.
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Figure 1.8 Variable temperature *H NMR spectra of 1-dmaps from 50 °C to -50 °C in
toluene-ds.

Initial assignment of the *H NMR spectrum at -40 °C was complicated by the lack
of signal splitting and the temperature independent paramagnetism. However, application
of 2D correlation spectroscopy (COSY) allowed for complete assignment to be made. A
large resonance found at 1.11 ppm, integrating to 24H, is assigned to the axial-iPrCH3
substituents, with the corresponding axial-iPrCH resonance at 4.47 ppm. The p-ArH and

m-ArH resonances for the axial imido complex are found at 5.53 and 7.57 ppm,
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respectively. A smaller signal at 1.64 ppm is assigned to the equatorial-iPrCHs, integrating
to 12H, which correlates to a 2H iPrCH resonance at 6.61 ppm. The resonances at 5.06 and
8.40 ppm integrating to 1H and 2H respectively are assigned to the p-ArH and m-ArH of
the equatorial imido substituent. A large resonance at 2.02 ppm is assigned to the NMez
substituents of the dmap ligands. Two sets of resonances are also found further downfield,
corresponding to inequivalent ArHdamap Substituents. A large 6H resonance at 5.75 ppm is
responsible for all three of the dmap-m-ArH resonances as determined by correlation
spectroscopy. This resonance has two cross peaks in the spectrum; a 4H resonance at 9.06
ppm, and a 2H signal at 10.00 ppm, corresponding to the trans-dmap and the cis-dmap-o-
ArH protons. It is reasonable to expect that the dmap ligand residing in the trans-position
from the equatorial imido would give slightly differing shifts from those in the cis-position.
This C2v symmetric conformer matches exactly the symmetry seen in the solid state,
suggesting that the meridional tris(imido) complex is indeed the lower energy conformer
and is not the result of some crystal packing effect.

Similar computational calculations were done for the possible complexes involving
dmap as were done for 1-thfs (Figure 1.9). However, when dmap is employed as the ligand
in this system, we see the bis-ligand complex being higher in energy than either of the tris-
ligand conformers. Since the mer orientation of the imidos is significantly lower in energy
than either the bis-ligand or fac orientation, it is reasonable that this was the observed

geometry in the crystallized complex.
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Figure 1.9 Energy diagram of three possible conformers of dmap supported U(NDipp)s.

These solution- and solid-state behaviors are identical when employing bi- and tri-
dentate ligands. Coordination complexes of U(NDipp)s bearing 4,4’-di-tert-butyl-2,2’-
bipyridine (tBubpy) ligands and 2,2°;6°,2”-terpyridine (tpy), (tBubpy).U(NDipp)s (1-
tBubpy2) and (tpy)U(NDipp)s (1-tpy) respectively, are easily synthesized in a manner
analogous to 1-dmaps. Crystallographic analysis of both 1-tBubpyz and 1-tpy reveal the
three imido substituents in a T-shaped orientation, identical to 1-dmaps. (Figure 1.10 and
1.11 respectively). For 1-tBubpy>, the two trans imido substituents, related by a bonding
angle of 167.1(4)°, again show truncated U-N bond distances of 1.999(11) and 2.000(13)
A, for U1-N1 and U1-N2 respectively. The equatorial imido bond is slightly elongated,
displaying a U-N bond distance of 2.090(9) A. The orientation of the tBubpy ligands in 1-
tBubpy- is very similar to what is seen for the bis-ligand U(V) bis(imido) halide complexes,
(tBubpy)2UX2(NDipp)2 (X = Cl, Br, 1) synthesized by Boncella and coworkers.*® For 1-
tpy, the trans U=N bonds (1.94(2) and 1.97(13) A) (169(2)°) are slightly contracted with
respect to the cis-U=N bond (2.11(4) A). The U-N distances for the tpy ligand are on par
with that of the neutral U-N bonds in 1-PDI-Dipp and other U(VI)-N dative interactions.
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Figure 1.10 Molecular structure of 1-tBubpy. with non-carbon atoms displayed as 30%
probability ellipsoids. Hydrogen atoms and outer sphere solvent molecules have been
omitted for clarity.

Despite bearing chelating ligands, the solution state structures of 1-tBubpy- and 1-
tpy analyzed by 'H NMR spectroscopy show similar (although less drastic) ligand
dissociation behaviours as both 1-thf; and 1-dmaps. Even 1-tpy, bearing the planar
tridentate tpy ligand, displays only a single set of resonances corresponding to the
diisopropylpheny! imido substituents at room temperature. For 1-tBubpy. the *H NMR
spectrum displays highly broadened resonances, with four signals corresponding to the
three Dipp imido substituents. However, analogous to 1-dmaps, *H NMR spectroscopic
analysis of both 1-tpy and 1-tBubpy. at low temperatures reveal C2v symmetric structures,

in accordance with their solid-state structures.
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Figure 1.11 Molecular structure of 1-tpy with non-carbon atoms displayed as 30%
probability ellipsoids. Hydrogen atoms and outer sphere solvent molecules have been
omitted for clarity.

In an attempt to obtain a purely (L)2U(NDipp)s complex, the bulky
triphenylphosphine oxide (tppo) ligand was employed, as incorporation of three tppo
ligands seemed unlikely. Addition of two equivalents of triphenylphosphine oxide to a
stirring solution of 1-thfs, followed by the removal of volatiles in vacuo, results in the
isolation of (tppo)2U(NDipp)s (1-tppoz) in good yields (89%). Analysis of this complex by
'H NMR spectroscopy depicts a highly symmetric product, with four signals corresponding
to the Dipp moiety, and integration confirms the coordination of only two tppo ligands.
Also, unlike 1-thfs and 1-dmaps, the room temperature signals observed through *H NMR
spectroscopy corresponding to both the ligand and the imido substituents are quite sharp
and clearly defined, indicating little fluctuation in the solution state structure.

Unfortunately, structural characterization of 1-tppo, by X-ray diffraction could not be
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accomplished due to the poor crystallinity of the product. However, analysis by VT H
NMR spectroscopy, reveals that 1-tppo retains its solution state symmetry even at low
temperatures, and resonances corresponding to the either the ligand or the imido
substituents showing no temperature dependence, with only slight broadening of signals at
low temperatures. This would indicate a solution state structure of 1-tppo2 similar to that
of 1-thfz, which, due to its solid-state structure, would likely display a Dsn symmetric *H
NMR spectrum. The solution and solid-state symmetry of these five coordinate complexes
however provides substantial evidence for the observed symmetry of the coordinatively
saturated complexes at ambient temperatures.

The ground state structures can also be noted by vibrational spectroscopy when
looking at the U=N-C stretching vibrations. For complexes 1-tpy, 1-tBubpy,, and 1-
dmaps we see a single vibration that that correspond to the axial imido, 1235, 1230 and
1240 cm respectively, and equatorial imido substituents at 1206, 1205, and 1208 cm™
respectively. However, analysis of 1-tppo. by IR spectroscopy reveals only one broad
U=N-C vibration at 1244 cm™,

In order to derive the nature of the bonding in these complexes for comparison, a
deeper analysis of the computational calculations of these species was undertaken. To
accomplish this, comparisons between 1-thf,, 1-thf;, and 1-dmaps, as well as the
theoretical facial conformation of (dmap)sU(NDipp)s (fac-1-dmaps) and meridional
conformation of 1-thfs (mer-1-thfs) were analyzed.

When considering the two meridional complexes, similarities can be drawn
between the calculated structures and 1-PDI-Dipp in that molecular orbital depictions of
these complexes show a high degree of competition between the three U=N bonds for
uranium based orbital density. This results in many of the U=N bonding orbitals displaying
contributions from all three imido nitrogens. Both mer-1-thfz and 1-dmaps show a similar
set of U-N bonding orbitals as were seen for 1-PDI-Dipp with a maximum U5f orbital
contributions of 19 and 20% for mer-1-thfs (Figure 1.12) and 1-dmaps (Figure 1.13)

respectively.
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Figure 1.13 Highest occupied molecular orbitals of 1-dmaps.
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Interestingly, 1-thfs (Figure 1.14) displays no purely o-bonding orbitals, with 7-
bonding being the primary contributor to the U-N bond system. Also of interest, the U-N
orbital contributions are slightly lower than what is noted in the meridional complexes,
with the highest orbital contribution of 16%. Much like 1-PDI-Dipp, all of the tris(imido)
complexes show decreased bond orders; a feature highlighted with Nalewaski-Mrozek!®
bond orders ranging from 2.17 — 2.27, which are consistent with U-N double bonds with

slight triple-bonding character.

Figure 1.14 Highest occupied molecular orbitals of 1-thfs.

In conclusion, the coordination chemistry of the investigated molecules is based
primarily on the bonding dispersion of the imido substituents and ligands. While 1-thfs
most closely resembles transition metal analogs exhibiting a bent trigonal pyramidal
structure, we have shown that substitution with any other Lewis basic ligand yields a
unique t-shaped geometry. Further studies are required to investigate whether an associatie
mechanism is at play in contrast to the dissociative mechanism explored through

calculations.
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1.3 Experimental

General Considerations: All air- and moisture-sensitive manipulations were
performed by using standard Schlenk technigues or in an MBraun inert atmosphere drybox
with an atmosphere of purified nitrogen. The MBraun drybox is equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two -35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.® Benzene-ds, toluene-ds, and
tetrahydrofuran-ds were purchased from Cambridge Isotope Laboratories, dried with
molecular sieves and sodium, and degassed by 3 freeze—pump—thaw cycles.
(THF)3U(NDipp)s (1-thfs) was prepared according to literature procedures. DMAP,
tBuBpy, Tpy, and tppo ligands were purchased in solid form, degassed overnight on a
Schlenk line, and used without further purification.

'H and ¥C NMR spectra were recorded on a Varian Inova 300 spectrometer
operating at 299.992 MHz. All chemical shifts are reported relative to the peak for SiMes,
using *H and *C (residual) chemical shifts of the solvent as a secondary standard. Infrared
spectra were recorded on a Thermo Nicolet 6700 FTIR spectrophotometer with a DTGS
TEC detector as a solution deposition on a KBr window. Samples were stored under an
inert atmosphere until transferred to the spectrometer. Electronic absorption measurements
were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data collection
performed on a Jasco V-6700 spectrophotometer under inert conditions.

Data for 1-dmaps were collected on a Bruker AXS APEXII CCD diffractometer
featuring a fine focus sealed tube X-ray source with a plane graphite incident beam
monochromator operating with Mo Ka radiation (AL = 0.71073 A). Data for 1-thf; and 1-
tpy were collected on Bruker AXS D8 Quest diffractometer equipped with a solid state
100 cm2 Photon 100 CMOS area detector and an I-u-S microsource X-ray tube, laterally
graded multilayer (Goebel) mirror for monochromatization and also operating with Mo Ka
radiation (A = 0.71073 A). Data for 1-tBubpy. were collected on a Bruker AXS X8
Prospector CCD diffractometer featuring an I-p-S microsource X-ray tube with a laterally
graded multilayer (Goebel) mirror for monochromatization and operating with Cu Ka
radiation (A = 1.54184 A). All instruments were equipped with Oxford Cryostream low

temperature devices. Single crystals for X-ray diffraction were coated with
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poly(isobutylene) oil in a glovebox and mounted on a Mitegen micromesh mount and
quickly transferred to the goniometer head into the 100 K coldstream of the diffractometer.
Initial unit cells were determined, data collection strategies set up and frames collected
using APEX2,%! processed using SAINT,?? and the files scaled and corrected for absorption
using SADABS?® or TWINABS.?* The space groups were assigned and the structures were
solved by direct methods using XPREP within the SHELXTL suite of programs>?¢ and
refined by full matrix least squares against F? with all reflections using Shelx120142% and
the graphical interface Shelxle.?” If not specified otherwise H atoms attached to carbon
atoms were positioned geometrically and constrained to ride on their parent atoms, with
carbon hydrogen bond distances of 0.95 A for alkene and aromatic C-H, 1.00, 0.99 and
0.98 A for aliphatic C-H, CH2 and CH3 moieties, respectively. Methyl H atoms were
allowed to rotate but not to tip to best fit the experimental electron density. Uiso(H) values
were set to a multiple of Ueq(O/C/N) with 1.5 for CHs and OH, and 1.2 for C-H, CH2 and
N-H units, respectively. Additional details relating to disorder and twinning are given for

each structure in their crystallographic experimental details sections, below.

Synthesis of (dmap)sU(NDipp)s (1-dmaps). A 20 mL scintillation vial was
charged with a single equivalent of 1-thf; (0.100 g, 0.102 mmol), three equivalents of N,N-
dimethylaminopyridine (0.037 g, 0.306 mmol), and 5 mL toluene. The reaction was stirred
for 20 minutes, after which time the volatiles were removed in vacuo. The leftover brown
material was washed with pentane and the resulting solid (yield: 0.105 g, 0.092 mmol, 91%)
was identified as (dmap)sU(NDipp)s (1-dmaps). *H NMR (300 MHz, 20 °C, CeDs): & =
1.40 (d, 3J(H,H) = 6 Hz, 36H, iPr-CHs), 1.95 (vbs, 18H, dmap-CHa), 5.19 (bs, 3H, p-Ar-
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H), 5.41 (bs, 6H, m-Ar-H), 5.79 (vbs, 6H, dmap-Ar-H), 7.99 (d, 3J(H,H) = 6 Hz, 6H, m-
Ar-H), 9.20 (vbs, 6H, dmap-Ar-H); HNMR (300 MHz, 50 °C toluene-ds): & = 1.44 (d,
8J(H,H) = 6 Hz, 36H, iPr-CHz3), 1.81 (vbs, 18H, dmap-CHs), 4.84 (bs, 3H, p-Ar-H), 5.39
(bs, 6H, iPrCH), 7.92 (d, J(H,H) = 6 Hz, 6H, m-Ar-H); *H NMR (300 MHz, -50 °C toluene-
ds): 6 =1.23 (s, 24H, trans-iPr-CHzs), 1.75 (s, 12H, cis-iPr-CHzs), 2.14 (s, 18H, dmap-CHzs),
4.57 (s, 4H, trans-iPrCH), 5.17 (s, 1H, cis-p-Ar-H), 5.64 (s, 2H, trans-p-Ar-H), 5.87 (s, 6H,
dmap-Ar-H x 2), 6.73 (s, 2H, cis-iPrCH), 7.68 (s, 4H, trans-m-Ar-H), 8.51 (s, 2H, cis-m-
Ar-H), 9.17 (s, 4H, trans-dmap-Ar-H), 10.11 (s, 4H, cis-dmap-Ar-H); analysis (calcd.,
found for Cs7Hs1NsU): C (60.57, 60.34), H (7.22, 7.55), N (11.15, 10.89).
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Figure 1.15 2D COSY spectrum of 1-dmaps in toluene-ds at -40 °C.
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Table 1.2. Selected experimental bond metrics for 1-dmapsz and calculated bond metrics
for both fac- and mer- isomers of 1-dmaps.

(dmap)sU(NDIPP)3

Expt. Calculated Calculated
fac mer
Bond Distance (A)
U1-N1 2.005(5) 1.988 2.012
U1-N2 1.974(4) 2.002 2.013
U1-N3 2.028(4) 2.013 2.015
U1-N4 2.573(4) 2.607 2.720
U1-N6 2.698(5) 2.746 2.713
U1-N8 2.555(6) 2.593 2.716
Bond Degree (°)
N1-Ul-N2 168.33(18) 167.10 104.14
N1-UI-N3 95.81(18) 96.60 103.90
N2-UI-N3 95.84(17) 96.28 103.65
N4-Ul-N6 83.66(18) 83.66 82.74
N4-Ul-N8 166.22(17) 162.22 83.11
N6-UI-N8 82.79(18) 82.79 83.09
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Synthesis of (tBubpy).U(NDIPP)3 (1-tBubpy>). A 20-mL scintillation vial was
charged with one equivalent of 1-thf; (0.100 g, 0.102 mmol), two equivalents of 4,4’-di-
tert-butyl-2,2’-bipyridine (0.054 g, 0.204 mmol), and 5 mL diethyl ether. The reaction was
stirred for 20 minutes, after which time the volatiles were removed in vacuo. The leftover
dark brown material was washed with pentane and the remaining solid (yield: 0.117 g,
0.090 mmol, 88%) was identified as (tBubpy)2U(NDIPP)3 (1-tBubpy-). In *H NMR
analysis rings pointing towards the equatorial imido are classified as bpyA and rings
pointing towards each other are bpyB. *H NMR (300 MHz, 20 °C toluene-ds): & = 0.67 (bs,
36H, iPr-CHs), 1.16 (s, 36H, bpy-tBu), 3.71 (bs, 6H, iPrCH), 5.03 (bs, 3H, p-Ar-H), 6.89
(s, 6H, m-Ar-H), 7.33 (bs, 2H, bpy-ArH), 8.53 (s, 4H, bpy-ArH), 10.29 (s, 2H, bpy-ArH),
10.43 (s, 4H, bpy-ArH); *H NMR (300 MHz, 50 °C toluene-ds): & = 0.89 (bs, 36H, iPr-
CHzs), 1.19 (s, 36H, bpy-tBu), 4.81 (bs, 6H, iPrCH), 5.01 (bs, 3H, p-Ar-H), 7.68 (s, 6H, m-
Ar-H), 8.52 (s, 4H, bpy-ArH), 10.13 (s, 4H, bpy-ArH), 10.75 (s, 4H, bpy-ArH); 'H NMR
(300 MHz, -50 °C toluene-ds): & = 0.60 (d, 3J(H,H) = 6 Hz, 12H, trans-iPr-CHs), 0.91 (d,
12H, 3J(H,H) = 6 Hz, trans-iPr-CHs), 1.09 (s, 18H, bpyB-tBu), 1.15 (s, 18H, bpyA-tBu),
1.58 (d,3J(H,H) = 6 Hz, 12H, cis-iPr-CHs), 3.67 (sept, *2J(H,H) = 6 Hz, 4H, trans-iPrCH),
4.81 (t, 3J(H,H) = 9 Hz, 1H, cis-p-Ar-H), 5.28 (t, *3J(H,H) = 9 Hz, 2H, trans-p-Ar-H), 6.56
(d, 2H, bpyB-ArH), 6.77 (d, 2H, bpyA-ArH), 7.14 (s, 2H, cis-iPrCH), 7.41 (d, 4H, trans-
m-Ar-H), 8.52 (s, 2H, bpyB-ArH), 8.59 (s, 2H, bpyA-ArH), 8.74 (d, 2H, cis-m-Ar-H), 9.47
(d, 2H, bpyB-ArH), 10.84 (d, 2H, bpyA-ArH).
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Figure 1.16 Variable temperature *H NMR spectra of 1-tBuBpy2 from 50 °C to -50 °C in
toluene-ds.
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Figure 1.17 2D COSY spectrum of 1-tBuBpy: in toluene-ds at -50 °C.
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Synthesis of (tpy)U(NDipp)s (1-tpy). A 20-mL scintillation vial was charged with
a single equivalent of 1-thfz (0.100 g, 0.102 mmol) and dissolved in diethylether. To this
was added a single equivalent of 2,2°;6’2”-terpyridine (0.024 g, 0.102 mmol) and this
solution was stirred for 1 hour. After this time, the volatiles were removed in vacuo and
the remaining dark black solid (yield: 0.097 g, 0.097 mmol, 96 %) was collected. *H NMR
(300 MHz, CD2Clz, 25 °C, TMS): & = 0.94 (d, 3J(H,H) = 9Hz, 36H), 4.49 (bs, 6H), 4.76
(bs, 3H), 7.30 (d, *J(H,H) = 6 Hz, 4H), 7.82 (t, *3J(H,H) = 6 Hz, 2H), 8.22 (t, *3J(H,H) = 6
Hz, 2H), 8.40 (t, 3J(H,H) = 6 Hz, 1H) 8.45 (d, 3J(H,H) = 6 Hz, 2H), 8.53 (d, 3J(H,H) = 6
Hz, 2H), 9.51 (d, 3J(H,H) = 6 Hz, 2H); 'H NMR (300 MHz, thf-ds, 30 °C, TMS) & = 0.88
(d, 3J(H,H) = 6Hz, 36H), 4.61 (bs, 9H), 7.23 (d, 3J(H,H) = 6 Hz, 4H), 7.95 (m, 2H), 8.36
(m, 2H), 8.51 (t, 1H), 8.73 (m, 2H), 8.80 (m, 2H), 9.66 (d, 2H); *H NMR (300 MHz, thf-
ds, -50 °C, TMS): § = 0.48 (d, 3J(H,H) = 6Hz, 24H, trans-iPrCHz3), 1.10 (d, 3J(H,H) = 6Hz,
12H cis-iPrCHs), 3.91 (bs, 5H, both trans-iPrCH and cis-p-ArH), 4.77 (t, 3J(H,H) = 9Hz,
2H, trans-p-ArH), 6.76 (bs, 2H, cis-iPrCH), 6.96 (d, 3J(H,H) = 6Hz, 4H, trans-m-ArH),
7.99 (d, 3J(H,H) = 9Hz, 2H, cis-m-ArH), 8.01 (m, 2H), 8.43 (bs, 2H), 8.58 (bs, 1H), 8.89
(bs, 4H), 10.22 (bs, 2H).
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Figure 1.18 Variable temperature *H NMR spectra of 1-tpy from 50 °C to -50 °C in
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Figure 1.19 2D COSY spectrum of 1-tpy in toluene-ds at -50 °C.
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Crystallization of (thf).U(NDIPP)3 (1-thfy). Crystals suitable for analysis by X-
Ray diffraction analysis were grown from a concentrated solution of 1- in toluene/pentane.

Crystallization was aided by complexation with PMes.

Table 1.3 Selected experimental bond metrics and calculated bond metrics for 1-thf
(thf),U(NDIPP);

Expt. Calc.
Bond Distance (A)
U1-N1 1.998(5) 1.995
U1-N2 1.974(4) 1.966
U1-N3 2.028(4) 1.977
U1-01 2.573(4) 2.411
U1-02 2.698(5) 2.457
Bond Degree (")
N1-UI-N2 149.48(10) 149.5
N1-UI-N3 108.98(10) 109.0
N2-UI-N3 101.46(10) 101.5

0O1-Ul-02 156.99(8) 157.0
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Synthesis of (PhzPO)U(NDipp)s (1-tppo2). A 20-mL scintillation vial was charged
with one equivalent of 1-thf; (0.100 g, 0.102 mmol), two equivalents of triphenlyphosphine
oxide (0.035 g, 0.204 mmol), and 5 mL toluene. The reaction was stirred for 20 minutes,
after which time the volatiles were removed in vacuo and the leftover powdery brown
material was analyzed by *H NMR spectroscopy showing pure (PhsPO)2U(NDipp)s (1-
tppo2) (yield: 0.120 g, 0.09 mmol, 89%). *H NMR (300 MHz, 25 °C, CsDe): § = 1.35 (d,
3J(H,H) = 6 Hz, 36H, iPr-CHs), 4.02 (t, *J(H,H) = 6 Hz, 3H, p-Ar-H), 5.73 (sept., 3J(H,H)
=6 Hz, 6H, iPrCH), 6.92 (m, 9H, PhsPQ), 8.35 (m, 6H, Ph3PO), 8.37 (d, J(H,H) = 6 Hz,
6H, m-Ar-H), *H NMR (300 MHz, 25 °C, toluene-ds): § = 1.29 (d, 3J(H,H) = 6 Hz, 36H,
iPr-CHs), 3.94 (t, 3J(H,H) = 6 Hz, 3H, p-Ar-H), 5.66 (sept., 2J(H,H) = 6 Hz, 6H, iPrCH),
6.98 (m, 9H, Ph3PO), 7.99 (m, 6H, PhsP0O), 8.29 (d, *J(H,H) = 6 Hz, 6H, m-Ar-H),'HNMR
(300 MHz, 50 °C, toluene-ds): § = 1.26 (d, 3J(H,H) = 6 Hz, 36H, iPr-CHz), 3.88 (t, 23J(H,H)
=6 Hz, 3H, p-Ar-H), 5.64 (sept., 3J(H,H) = 6 Hz, 6H, iPrCH), 6.98 (m, 9H, PhsPQ), 7.98
(m, 6H, PhsPO), 8.27 (d, 3J(H,H) = 6 Hz, 6H, m-Ar-H), '"H NMR (300 MHz, -40 °C,
toluene-ds): 6 = 1.34 (s, 36H, iPr-CHs), 4.00 (bs, 3H, p-Ar-H), 5.62 (bs., 6H, iPrCH), 6.85
(s, 9H, Ph3P0O), 7.96 (s, 6H, PhsPO), 8.35 (s, 6H, m-Ar-H), (analysis (calcd., found for
Cr2Hs1N3P2UQz2): C (65.49, 64.96), H (6.18, 5.84), N (3.18, 2.98).
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CHAPTER 2. SYNTHESIS OF MIXED TRIS(IMIDO) URANIUM
COMPLEXES

2.1 Introduction

Uranium tris(imido) species bearing trans-imidos are desirable synthons as they
can be used to mimic reactivity of more complicated uranium oxide polymeric systems.
Such systems are advantageous as they are easily soluble in organic solvents, making them
amenable to standard characterization methods and ligand substitution strategies. Our
group has previously shown that uranium tris(imidos), easily synthesized from
[(MesPDIMe)U(THF)]2 and various azides, feature axial imido substituents exhibiting
differing bond characteristics than the adjacent equatorial imido substituent.! The aim of
this work is to show that multiple analogues of mixed imido products can be formed from
either the aforementioned dimer or stable tris(imido) synthons by exploiting reactivity
differences between the axial and equatorial positions.

It is well known that the stabilization of UO2?* comes from the inverse trans
influene (IT1) and features strong uranium-oxygen bonds which are notoriously difficult to
functionalize.® Because of this influence, any ligands which reside in the equatorial plane
are labile and exchangeable. However, studying this molecule in organic solvents is
complicated by its insolubility. Since imido ligands are isoelectronic with oxo ligands yet
exhibit significantly better solubility, crystallinity, and are less prone to polymerization,
they are ideal for studying the reactivity of these types of molecules.

The previous chapter discusses the differences between the energy levels of mer- and
fac- tris(imido) uranium complexes. A noticeable difference is seen when the imidos are
in the mer- coordination form between the bond distances of the equatorial and axial imidos.
When considering the ITI, it is reasonable to attribute the shortening of the axial imido
bonds to uranium stabilization, thus suggesting that the equatorial bond is weaker and,
therefore, more labile. Previous studies in our group, as well as others, have shown that
mono- and bis-imidos can undergo multiple bond metathesis®>3" as well as
protonolysis!*3343-46 reactions whereby the imido substituent is exchanged with another

moiety. The intended purpose of this project was to show that similar methods could be
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employed to exchange the equatorial imido of uranium tris(imido) complexes with other

imidos. The following chapter details the progressions towards proving this concept.

2.2 Results and Discussion

There are three proposed ways in which uranium mixed tris(imido) complexes could
be synthesized: 1) direct synthesis from the reduced PDI-U dimer, 2) multiple-bond

metathesis with carbodiimides, and 3) protonolysis with anilines (Scheme 2.1).

PR

Scheme 2.1 Possible synthetic pathways towards mixed uranium tris(imidos).

The first pathway towards a mixed uranium tris(imido) begins with the
aforementioned uranium PDI dimer. Through mixing a solution of the dimer with a
solution of Dipp and Mes azides in a 2:1 ratio, an immediate effervescence is observed,
and the resulting product is the desired mixed imido (Scheme 2.2). It should be noted that
despite the possibility of six different products, only one product is formed and in excellent
yield. These six separate products could represent both formations of homo tris(imidos),
homo axial imidos with a differing equatorial imido, and mixed axial imidos with either
substituent in the equatorial position (Figure 2.1). Regardless of whether this reaction was
carried out such that the azides were first mixed together then added to the dimer, or
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whether one azide was added before the other, the major product of the reaction remained
the same. It was noted, however, that pre-mixing the azides before addition resulted in a

slightly higher yield and purification by recrystallization was simplified.

N3Dipp * NzMes
2:1 equiv.
THF, 30 min, r.t.

Scheme 2.2 First synthetic route towards mixed tris(imidos).

Figure 2.1 All possible products from Scheme 2.2.
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NMR spectroscopy of the final product reveals resonances which initially suggest
three unique imidos. There are two septets in drastically different chemical environments,
therefore it is reasonable to presume that there are two DIPP imidos, one in the equatorial
position, and the other in the axial position. There are also signature resonances of the MES
imido which are shifted from the previously published homo-MES tris(imido). However,
when single crystals of this product are grown and analyzed from a concentrated solution
of THF and pentane, it is apparent that the, originally desired, mixed complex (PDI-U-
(NDipp)2(NMes)) has been formed (Figure 2.2)
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Figure 2.2 Molecular structure of PDI-U-(NDipp)2(NMes) shown at 30% probability
ellipsoids. Hydrogen atoms, PDI mesityl groups, and co-crystallized solvent atoms have
been omitted for clarity.

Further analysis of the crystal structure reveals why the initial *H NMR
spectroscopic study was misleading. Due to the steric bulk of the PDI mesityl groups

coupled with the di-isopropyl phenyl imido groups, rotation of the imido substituents is
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limited leading to different chemical environments of the isopropyl groups on either side
of the diisopropyl phenyl rings. Analysis of the bond lengths between the tris(Dipp),
tris(MES), and mixed product show little differences (Table 2.1). All three of the structures
show significant bond elongation along the equatorial imido bond, although the mixed

species does also exhibit elongation of one of the axial imidos.

Table 2.1 Comparison of imido bond distances between homo tris(imidos) and the
synthesized mixed tris(imido).

U-N1 U-N2 U-N3
PDI-U(NDipp)s 1.967(7) [ 1.965(7) [ 2.022(8) [
PDI-U(NMes)s 1.992(5) C 1.992(5) [ 2.024(5) [
PDI-U(NDipp)2(NMes) 1.997(7) [ 1.967(7) 2.027(8) [

After discovering the peculiarity of the single product formation, investigations
began on the reduction potential of the azides. Electrochemical studies done by Adharsh
Raghavan show that azides bearing more aliphatic/donating substituents are poorer
oxidants than those bearing more electron withdrawing substituents (Table 2.2). Based on
the observations from the aforementioned experiment and the observed reduction
potentials, it was hypothesized that mixed imidos could be constructed when two
equivalents of a more oxidizing azide were combined with one equivalent of poorer
oxidizing azide. In order to test this hypothesis, an experiment was devised whereby two
equivalents of Dipp azide would be combined with one equivalent of DETP (diethylphenyl)
azide as the difference in reduction potential between the two azides was 0.196 V (Scheme
2.3).
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Table 2.2 Table showing the reduction potentials of multiple available azides from
poorest oxidant (most electron donating group) to best oxidant (most electron
withdrawing group).

R-N=N=N +2& ——» RN +N,

Poorer oxidant

Adamantyl (Ad) -3.195
Benzyl (Bn) -3.015
2,6-diisopropyl (Dipp) -2.942
2,4,6-trimethyl (Mes) -2.816
. h 4
2,6-diethyl (Detp) -2.746
Better oxidant
4-methyl (pTol) -2.671

N3Dipp * N3Detp
2:1 equiv.
THF, 30 min, r.t.

=
~
N

Scheme 2.3 Synthetic scheme for PDI-U-(NDipp)2(NDetp).
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In keeping with the previous and hypothesized results, a single product was formed
through the reaction of Dipp and Detp azides in THF at room temperature over the course
of 30 minutes and was assigned as PDI-U-(NDipp)2(NDetp) (Figure 2.4). Analysis with
'H NMR spectroscopy shows similar signals as those seen in PDI-U-(NDipp)2(NMes).
Unlike PDI-U-(NDipp)2(NMes), PDI-U-(NDipp)2(NDetp) shows no significant axial
bond lengthening along either of the imido bonds, although the bond lengths are elongated

from either of the homo tris(imido) complexes (Table 2.3).

N1

o

Figure 2.3 Crystal structure of PDI-U-(NDipp)2(NDetp) shown at 30% probability
ellipsoids. Hydrogen atoms, PDI ligand, and co-crystallized solvent atoms have been
omitted for clarity.
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Table 2.3 Comparison of imido bond distances between homo tris(imidos) and the
synthesized mixed tris(imido).

U-N1 U-N2 U-N3
PDI-U(NDipp)s 1.967(7) A 1.965(7) A 2.022(8) A
PDI-U(NDetp)s 1.970(7) A 1.900(7) A 2.030(7) A

PDI-U(NDipp)2(NDetp) 1.987(3) A 1.988(3) A 2.033(3) A

With two mixed tris(imido) compounds fully characterized, efforts began on the
synthesis of all varieties of homo tris(imidos). With these compounds in hand, full analysis
via NMR spectroscopy would provide all of the necessary information to do preliminary
solution state characterization. Unfortunately, synthesis of PDI-U(NpTol)s from the PDI
dimer resulted in an NMR spectrum which only showed free PDI ligand. Likewise, all
attempts to characterize this molecule via crystallization resulted in crystals of free PDI. It
has been reasoned that the PDI ligand is lost from the compound due to the highly oxidizing
nature of the pTol imido. Without the ligand to stabilize the geometry of the complex, a
lack of structural stability causes loss of NMR signal similar to what is observed in Chapter
1.

Although the synthesis of PDI-U-(NpTol)z did not work as planned, synthesis of a
mixed species containing the pTol imido were still attempted from the reduced PDI-
uranium dimer. With a difference of reduction potential of 0.271 V between the Dipp and
pTol azides, synthesis of PDI-U-(NDipp)2(NpTol) was most likely to yield an appreciable
result (Scheme 2.4). When four equivalents of Dipp azide were combined with two
equivalents of pTol azide then added to the PDI-uranium dimer an immediate
effervescence was observed. Although single crystals of the product were not isolated, a
clean *H NMR spectrum was produced which clearly shows resonances attributable to two
Dipp imido substituents as well as a single pTol imido. The NMR spectrum also shows a
significant quantity of the free PDI ligand. This is unsurprising as this ligand resides in the
equatorial plane trans to the more oxidizing pTol imido.
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N3Dipp  NapTol
2:1 equiv.

THE, 30 min, -35 C

Scheme 2.4 Synthetic scheme for PDI-U-(NDipp)2(NpTol).

Since the synthesis of PDI-U-(NDipp)2(NpTol) was successful, synthesis of other
mixed imidos with the equatorial pTol imido were attempted. The synthesis of these
molecules was desired because the products could later be matched to those made through
protonolysis as the pTol-aniline would be the most reactive of the available anilines.
However, synthesis of PDI-U-(NMes)2(NpTol) via the route shown in Scheme 2.5 resulted
only in a small quantity of PDI-U(NMes)s and a large quantity of free PDI detectable by
'H NMR spectroscopy. In contrast to this result, when the synthesis of PDI-U-
(NDetp)2(NpTol) was attempted via a similar route, a large quantity of unreacted
diethylphenyl azide was observed along with free PDI. It is believed that both routes
resulted in the primary formation of pTol tris(imido) with multiple other side products

made as well.
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N3;Mes : NapTol
2:1 equiv.

THF, 30 min, -35 C

Scheme 2.5 Synthetic scheme for PDI-U-(NMes)2(NpTol).

With a handful of uranium mixed (tris)imidos synthesized and characterized,
efforts began towards studying the reactivity of homo (tris)imidos. The first route studied
was multiple-bond metathesis with carbodiimides. Since azides containing fewer than four
carbon atoms exhibit extreme instability, it was idealized that using diisopropyl
carbodiimide (iPrCDI) would not only provide high reactivity due to its small steric nature,
but also result in an imido that would otherwise be difficult or dangerous to produce.

Initial experiments involving the tris(imido) and iPrCDI in a one to one ratio yielded
extraordinarily complicated reaction mixtures (Scheme 2.6). It was presumed that this
occurred because of the ability of the carbodiimide to react twice, thus leading to a
proposed mixture of mixed tris(imido), N,N-2,6-diisopropylphenylcarbodiimide
(DippCDI), and N-(2,6-diisopropylphenyl)-N-isopropylcarbodiimide. In an effort to
simplify the system, the equivalents of iPrCDI were reduced by half with the hopes that
only the DippCDI would remain which could be easily separated from the uranium
product(s) by differences in solubility. Unfortunately, the reaction provided a similar mix
of products as was previously seen and most of the products were soluble in non-polar and

polar solvents alike.
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NDipp NDipp IPrN=C=NPr

—N, U | | —N, U +
A\ i . 'PrN=C=N'Pr A\ ) i )
C_N —Npipp TEETT LN 7 —NPr + ipiN=C=NDipp
—N —N H +
Di Di .
}AI’ pp kl’ PP DippN:C:NDlpp

Scheme 2.6 Synthetic design of multiple bond metathesis with PDI supported
tris(Dipp)imido and possible byproducts.

With few results coming from the multiple bond metathesis route, efforts were
shifted towards investigating protonolysis. The addition of one equivalent of para-tolyl
aniline again produced an NMR spectrum that was void of clear signals indicative of a
uranium product, but the production of signals which could be attributed to Dipp aniline
showed that a reaction was, in fact, occurring (Figure 2.4). Unfortunately, as free PDI, Dipp
aniline, and para-tolyl aniline were the only signals visible from NMR and crystallization
attempts were unsuccessful, verification of the final product could not be made.

Future progress with this project should be focused on protonolysis reactions with
varying anilines. Removal of the aniline via pentane washes is complicated by the
solubility of the uranium product(s) in pentane, even when chilled by the freezer. However,
alkyl amines bearing electron withdrawing groups were not probed and could lead to
products with less organic solubility. Although the reactivity of anilines and amines is
assumed to be based on the pKa of the nitrogen bound protons and trends similarly to the
electrochemical results seen for the azides, much could be gained from testing the reactivity
of simple primary amines since the steric factor may override the electronic factor.
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Figure 2.4 Superimposed NMR spectra in benzene-ds at room temperature of Dipp
aniline (blue) with reaction progression (maroon) with para-tolyl aniline.

In conclusion, uranium mixed tris(imidos) can be synthesized in a facile manner from
[PDI-U-thf]2 via reaction with azides provided that the poorer oxidizing azide has a twofold
excess over the other. When azides were used which had less electron donating character
a common observation was that the supporting M®=PDIM® ligand dissociated from the
complex. If this ligand were modified to have more electron donating character it might be
possible to prevent the dissociation from occurring which would allow for the synthesis of
homo and mixed tris(imidos) with stronger electron withdrawing groups attached. None of
the tris(imidos) showed any significant reactivity with carbodiimides despite the literature
precedent of uranium imidos undergoing multiple-bond metathesis with moieties such as
these. It is possible that the steric and electronic environment of these molecules is not

conducive to such reactivity. Finally, reactivity was observed when anilines were
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introduced to uranium tris(imidos) but nothing beyond initial characterization of

byproducts resulted from these studies.

2.3 Experimental

General Considerations: All air- and moisture-sensitive manipulations were
performed by using standard Schlenk technigues or in an MBraun inert atmosphere drybox
with an atmosphere of purified nitrogen. The MBraun drybox is equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two -35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.’® Benzene-ds, toluene-ds, and
tetrahydrofuran-ds were purchased from Cambridge Isotope Laboratories, dried with
molecular sieves and sodium, and degassed by 3 freeze—pump-thaw cycles. Me&pDIMe 47
[PDI-U-thf]2,* aryl azides,*® and potassium graphite*® were prepared according to literature
procedures. iPrCDI was purchased in 99% purity from Sigma-Aldrich, degassed overnight
on a Schlenk line, and used without further purification.

'H and ¥C NMR spectra were recorded on a Varian Inova 300 spectrometer
operating at 299.992 MHz. All chemical shifts are reported relative to the peak for SiMea,
using *H and *C (residual) chemical shifts of the solvent as a secondary standard. Infrared
spectra were recorded on a Thermo Nicolet 6700 FTIR spectrophotometer with a DTGS
TEC detector as a solution deposition on a KBr window. Samples were stored under an
inert atmosphere until transferred to the spectrometer. Electronic absorption measurements
were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data collection
performed on a Jasco V-6700 spectrophotometer under inert conditions.

Single crystals for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and mounted on a Mitegen micromesh mount and quickly transferred to the
goniometer head into the 100 K coldstream of the diffractometer. Initial unit cells were
determined, data collection strategies set up and frames collected using APEX2,%
processed using SAINT,?? and the files scaled and corrected for absorption using
SADABSZ or TWINABS.?* The space groups were assigned and the structures were
solved by direct methods using XPREP within the SHELXTL suite of programs?®2® and

refined by full matrix least squares against F? with all reflections using Shelx12014?% and
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the graphical interface Shelxle.?” If not specified otherwise H atoms attached to carbon
atoms were positioned geometrically and constrained to ride on their parent atoms, with
carbon hydrogen bond distances of 0.95 A for alkene and aromatic C-H, 1.00, 0.99 and
0.98 A for aliphatic C-H, CH2 and CHs moieties, respectively. Methyl H atoms were
allowed to rotate but not to tip to best fit the experimental electron density. Uiso(H) values
were set to a multiple of Ueq(O/C/N) with 1.5 for CHz and OH, and 1.2 for C-H, CHz and
N-H units, respectively. Additional details relating to disorder and twinning are given for

each structure in their crystallographic experimental details sections, below.

Synthesis of PDI-U-(NDipp)2(NMes). A 20 mL scintillation vial was loaded with 100
mg (0.071 mmol, 1 eq.) of [PDI-U-thf]2dissolved in 10 mL of toluene. In a separate vial,
58 mg of DippNs (0.284 mmol, 4 eq.) were mixed with 23 mg of MesNs (0.142 mmol, 2
eq.) in 1 mL of toluene. The mixture of azides was transferred to the vial containing the
dimer and an additional 1 mL of toluene was used to rinse the vial. Upon addition of the
azides, an immediate effervescence was observed and identified as loss of nitrogen. After
stirring for 30 minutes at room temperature, volatile components were removed in vacuo
leaving a black powdery product. After multiple washes with pentane, the product was
identified as PDI-U-(NDipp)2(NMes). *H NMR (300 MHz, 20 °C, CsDe): § = 0.71 (d,
12H, iPr-CHs), 1.53 (d, 12H, iPr-CHs), 1.71 (s, 6H, PDI-imide-CHs), 2.02 (s, 6H, PDI-
Mes-0-CHg), 2.12 (s, 6H, Mes-0-CHs), 3.68 (sept, 2H, iPrCH), 4.41 (s, 6H, imido-Mes-o-
CHs), 5.86 (s, 3H, imido-Mes-p-CHz), 6.72 (s, 6H), 7.31 (s, 6H, ), 7.78 (d, Dipp-m-ArH),
8.18 (s, 2H, imido-Mes-m-ArH), 8.44 (sept, 2H, iPrCH).
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Synthesis of PDI-U-(NDipp)2(NDetp). A 20 mL scintillation vial was loaded with 100
mg (0.071 mmol, 1 eq.) of [PDI-U-thf]z dissolved in 10 mL of toluene. In a separate vial,
58 mg of Dipp azide (0.284 mmol, 4 eq.) were mixed with 25 mg of Detp azide (0.142
mmol, 2 eq.) in 1 mL of toluene. The mixture of azides was transferred to the vial
containing the dimer and an additional 1 mL of toluene was used to rinse the vial. Upon
addition of the azides, an immediate effervescence was observed and identified as loss of
nitrogen. After stirring for 30 minutes at room temperature, volatile components were
removed in vacuo leaving a black powdery product. After multiple washes with pentane,
the product was identified as PDI-U-(NDipp)2(NDetp). *HNMR (300 MHz, 20 °C, CsDe):
6=0.71(d, 12H, iPr-CHs), 1.53 (d, 12H, iPr-CHs), 1.71 (s, 6H, PDI-imide-CHs), 2.02 (s,
6H, PDI-Mes-0-CHs), 2.12 (s, 6H, Mes-0-CHs), 3.68 (sept, 2H, iPrCH), 4.41 (s, 6H, imido-
Mes-0-CHs), 5.86 (s, 3H, imido-Mes-p-CHs), 6.72 (s, 6H), 7.31 (s, 6H, ), 7.78 (d, Dipp-m-
ArH), 8.18 (s, 2H, imido-Mes-m-ArH), 8.44 (sept, 2H, iPrCH).
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Synthesis of PDI-U-(NDipp)2(NpTol). A 20 mL scintillation vial was loaded with 100
mg (0.071 mmol, 1 eq.) of [PDI-U-thf]z dissolved in 10 mL of toluene. In a separate vial,
58 mg of DippNs (0.284 mmol, 4 eq.) were mixed with 18 mg of pTolNs (0.142 mmol, 2
eq.) in 1 mL of toluene. The mixture of azides was transferred to the vial containing the
dimer and an additional 1 mL of toluene was used to rinse the vial. Upon addition of the
azides, an immediate effervescence was observed and identified as loss of nitrogen. After
stirring for 30 minutes at room temperature, volatile components were removed in vacuo
leaving a black powdery product. After multiple washes with pentane, the product was
identified as PDI-U-(NDipp)2(NpTol). *HNMR (300 MHz, 20 °C, CsDs): & = 0.69 (d,
12H, iPr-CHas), 1.46 (d, 12H, iPr-CHs), 1.71 (s, 6H, PDI-imide-CHs), 2.06 (s, 12H, PDI-
Mes-0-CHz), 2.14 (s, 3H, pTol-p-CHzs), 3.33 (sept, 4H, iPrCH), 4.19 (d, 2H, pTol-0-CHa),
5.74 (t, 2H, iPr-p-CH), 6.76 (s, 6H, PDI-Mes-p-CHs), 7.04 (d, 4H, iPr-m-CH), 7.31 (t, 1H,
PDI-pyr-p-CH), 8.49 (d, PDI-pyr-m-CH), 9.28 (2H, pTol-m-CH).
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CHAPTER 3. REACTIVITY OF DIAZOALKANES WITH LOW
VALENT URANIUM MOLECULES

3.1 Introduction

Attempts to create uranium Schrock-type alkylidenes have been largely unsuccessful
due to an inability to synthesize a true uranium-carbon multiple bond. Initial attempts to
create this type of molecule through reduction of a substituted diazomethane began by the
group of Carol Burns in 2002.%° In their system, Cp“2U(Me)(OTf), which coordinates as a
dimer, was introduced to diphenyldiazomethane. Instead of the desired loss of nitrogen,
crystallographic evidence showed that rearrangement took place after insertion resulting in
the first actinide hydrazonato complex to be formed. In 2007 Meyer published two
structures showing differing coordination of diazomethane.®® Initially, using
(tBuArO)stacn  (trianion  of  1,4,7-tris(3,5-di-tert-butyl-2-  hydroxybenzyl)-1,4,7-
triazacyclononane) they observed diazomethane coordinated to the uranium with a
delocalized single electron throughout the diazomethane fragment. By adapting the tacn
ligand with bulky adamantyl functionality, they were able to get coordination through the
terminal nitrogen of the diazomethane. Exposing this molecule to heat did not result in the
extrusion of nitrogen but, instead, resulted in C-H activation of one of the phenyl rings
providing an indazole ligand. Most recently, John Arnold published a tris guanidate
supported uranium Il molecule which coordinated with diphenyldiazomethane in an end-
on nearly linear fashion similar to what Meyer observed with the bulkier adamantyl
functionalized tacn ligand.>?

The objective of this project was to use diazomethane derivatives to test their varying
reactivity with uranium species bearing a tris-pyrazole borate ligand as shown in Scheme
3.1. Diazomethanes are known to act as “masked” carbenes as the carbenes are typically
formed through the extrusion of dinitrogen via either heat, light, or reduction. Since
uranium is known to be a strongly reducing metal, it was proposed that the metal alone or,
with the aid of potassium graphite, would be sufficient in reducing the diazomethane to the
carbene. Likewise, if the nitrogen remained with the molecule, it could be used to study
bonding motifs which may be less visible if more reactive molecules such as azides were

used.
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Scheme 3.1 Proposed synthesis of Tp* supported uranium alkylidene

3.2 Results and Discussion

Primary reactions between Tp*Ul2 and diphenyldiazomethane were unsurprising in
that no reduction was seen of the diazomethane fragment. However, an effect which had
previously not been observed came to light; instead of the diazomethane coordinating to a
single uranium, it was bridging between two ligand supported uranium atoms despite being
combined in a one to one ratio. Thus, efforts towards investigating this type of molecule
began with synthesizing an unreduced bridging coordinated species. These molecules
could then undergo progressive reductions and oxidations thereby giving some insight on
the reactivity of bridging diazomethane fragments. Scheme 3.2 shows the map of these
reactions as well as the structures of all of the compounds formed.



63

:«/@/ RO\
NSV
HopN-N=y—— \UJN’N&BfH
AN | —
N-N s NN
R 32 &

N,CHPh; (1 eq)
KCs (1 eq)

RASER AN N,CHPh, (2
X ) Z 5 N
W /N\N/ N HCHeDe 2.0 W | W N,CHPh (1 eq) \(?/ \WN
- - o

|
NN L e e . KCs (2 eq) 4 N N
H—B>= Ul USsN-N&g_ \ ", ! SN=NZ e R .
~ S N=NZ i N WN_N —_— H—B>= -y s N-NZ
NoN \ - H_p= U. ~—U=SN-N&p_ — u B—H
N N/ ;\l N toluene SNAN \\I| “/ \NfN/B H  toluene SN-N \I ,\“>/ NN
| = L y O N g
N 31 =
“ N,CHPh; (1 eq) 3.3
35
KCq (3 eq)
N,CHPha(1 eq) toluene
KCq (1 eq)

H—p=N- ‘U<| N eSN-NZg_
N
N-N \ NN
3 N
X | &

Scheme 3.2 Reaction map showing reduction series with diphenyldiazomethane.

The parent unreduced compound (3.1) is a tetra-iodo species with the diazomethane
bridging the two uranium centers (Figure 3.1). Analysis of small red block crystals grown
from benzene indicate that the bonding of the diazomethane fragment is nearing multiple
bond character with the U1-N13 bond length being 2.182(2) A. The U2-N13 and U2-N14
bond lengths are significantly longer at 2.396(2) and 2.361(2) A respectively. Analysis of
the C31-N14 bond length shows retention of the double bond character through a relatively
short bond length of 1.309(3) A. Analysis through electronic absorption spectroscopy for
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this compound shows a characteristic resonance at 650 nm indicating that the overall

oxidation state of the dimer is uranium (1V).%

\/ Ly

ra

@2

31 & &

Figure 3.1 Molecular structure of 3.1 with atoms displayed as 30% probability ellipsoids
and selected hydrogen atoms omitted for clarity.

Reduction of 3.1 with two equivalents of KCs in the presence of one equivalent of
diazomethane yields a reddish-brown solution which can be crystallized from benzene to
give needle-like red crystals. X-ray diffraction analysis of this compound yields a structure
like that seen in Figure 3.2. It was of interest to note that, instead of both diazomethane
fragments being shared equally between the two uranium atoms, they are both oriented the

same direction towards one center.
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Figure 3.2 Molecular structure of 3.3 with atoms displayed as 30% probability ellipsoids
and selected hydrogen atoms omitted for clarity.

When a closer look is taken at the bond lengths (Figure 3.3), it can be seen that the
U2-N13 (2.200(8) A) and U2-N15 (2.211(8) A) bonds are significantly shorter than any of
the U1-N bonds (2.344(8)-2.406(9) A).This indicates a bonding motif similar to what was
seen in 3.1 but, as fluxional coordination with diazomethanes has been previously
observed®, it could be a structural anomaly where the coordination between the two

diazomethanes is in flux between the two uranium atoms.
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Figure 3.3 Molecular structure of 3.3 with atoms displayed as 30% probability ellipsoids
with hydrogen atoms and Tp” ligands omitted for clarity.

The final iodinated structure in the series is synthesized through reduction of 3.1
with three equivalents of KCs in the presence of one equivalent of diazomethane or,
alternatively, through the reduction of 3.3 with one equivalent of KCs. This molecule,
unlike 3.1 or 3.3, does not exhibit as much symmetry with only one iodine atom being
shared between the two uranium atoms. However, the same bonding preference is seen
with the two diazomethane fragments oriented in the same direction and having
significantly shorter bond lengths with U2 than U1. Unsurprisingly, the U2-N13 and U2-
N15 bond lengths are shorter than those observed with 3.3 at 2.165(6) and 2.158(7) A
respectively. This is explained by the increased bonding with the two diazomethane
fragments in lieu of the iodine and lends further proof that, throughout the entire reduction

series, an overall oxidation state of +4 is maintained.
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Figure 3.4 Crystal structure of 3.4 with atoms displayed as 30% probability ellipsoids and
selected hydrogen atoms omitted for clarity.

Reduction with four equivalents of potassium graphite and two additional
equivalents of diazomethane resulted in compound 3.5 (Figure 3.5). Compound 3.5 shows
remarkable symmetry with the Tp~ ligands eclipsed, and the diazomethane molecules
evenly spaced between each pyrazole ring. This molecule shows the greatest bond lengths
between uranium atoms and diazomethane nitrogens as is expected due to the steric
demands of the three bridging diazomethane fragments. *H NMR of this molecule shows
a complicated spectrum with no elements of symmetry. The alternation of one of the
diazomethane fragments accounts for this observation even though the molecule, when
viewed from the boron of one of the Tp~ ligands, shows eclipsed Tp" ligands with perfectly

interspaced diazomethane bridges.
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Figure 3.5 (Left) Molecular structure of compound 3.5 with atoms displayed as 30%
probability ellipsoids and hydrogen atoms and Tp” ligands omitted for clarity. (Right)
End-on view of entire molecule with Tp” ligands showing symmetry. Atoms displayed as
30% probability ellipsoids with selected hydrogen atoms omitted for clarity.

The synthesis of this series of molecules exemplifies further unique bonding modes
of uranium. Initial synthesis of tetra-iodo 3.1 shows an initial oxidation of uranium from
+3 to +4 however, further reduction and oxidation events through addition of potassium
graphite and diazomethane do not appear to have effect on the overall +4 oxidation state.
Since it is well known that uranium V molecules exhibit inherent instability, it is reasonable
that the energy required to oxidize to that state is not possible with current reaction
conditions. Additionally, reduction back to the +3 state, which would be required in order
to form the desired alkylidene, appears to require a significantly stronger reduction agent
than potassium graphite. Reduction with rubidium or cesium graphite might provide a

different result.
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Table 3.1 Table showing selected bond distances for compounds 3.1, 3.3, 3.4, and 3.5.

Bond 3.1 33 3.4 35

UN(TP) 2.448(2)- 2.478(8)- 2 451(7)- 2.499(6)-

2557(2) A | 2545(8) A | 24928) A | 2.563(5) A
UL-N13 23962) A | 2344(8) A | 23736) A | 24080) A
UL-N14 23612) A 240609) A | 2417(7) A | 24430) A
U2-N13 21822) A 22008) A = 21656) A | 22080) A
N13-N14 13773) A | 1352011) A 13509) A = 13236) A
N14-C31 13093) A | 1316(13) A  1318(10) A = 13220) A
UL-NIS N/A 23407 A 23327 A | 23730G) A
UL-N16 N/A 2368(8) A 2421(7) A | 247006) A
U2-N15 N/A 2211(8) A | 2158(7) A 2182B) A
N15-N16 N/A 133811) A 134909) A = L33BM) A
N16-C44 N/A 130412) A | 1335(11) A | L3120) A
U1-N17 VA VA VA 2.203(5) A
U2-N17 VA VA VA 2.401(5) A
U2-N18 VA VA VA 2.446(5) A
N17-N18 VA VA A 1.331(8) A
N18-C57 N/A N/A N/A 1.319(8) A

Although the products depicted above do not exhibit the desired bonding character

which was originally sought, they do provide unique insight into the bonding nature of Tp”

uranium species. For all of the molecules, the carbon nitrogen bond of any of the

diazomethane fragments does not vary significantly from the accepted double bond length

of 1.32 A53%* Additionally, all of the diazomethane fragments display a shortened bond
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indicative of multiple bonding character®® with one of the uranium atoms while the other
uranium interacts with both nitrogens in a dative manner.

Additional explorations of reactivity with these types of molecules gave
disappointing results. When both compounds 3.1 and 3.5 were exposed to excess KCs, both
molecules showed a large degree of decomposition. Also, when reduction with Tp“2UlI
was attempted with the intent of the second bulky Tp” ligand preventing the bridging effect
seen previously, reduction attempts with KCs resulted in loss of one Tp” ligand and
formation of the same products as before.

Since our group has seen a significant amount of success synthesizing molecules
from the reduced M®PDIM® uranium dimer, reactions were designed using this material. It
was envisioned that the electrons held in the PDI ligand would act as a more “direct”
reducing agent and provide the desired uranium alkylidene. Although the desired product
was not observed, a byproduct was crystallized from a reaction mixture which indicates
that a uranium alkylidene had been transiently made. Attempts to trap this transient species
are ongoing.

In conclusion, while multiple studies have shown that multiple diazomethane
derivatives coordinate with uranium moieties, this is the first example of diazomethane
bridging between two supporting uranium atoms. As there are few examples of bridging
uranium molecules in literature, this series provides great insight as to the possibility of

uranium bonding modes.

3.3 Experimental

General Considerations: All air- and moisture-sensitive manipulations were
performed by using standard Schlenk technigues or in an MBraun inert atmosphere drybox
with an atmosphere of purified nitrogen. The MBraun drybox is equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two -35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.® Benzene-ds, toluene-ds, and
tetrahydrofuran-ds were purchased from Cambridge Isotope Laboratories, dried with
molecular sieves and sodium, and degassed by 3 freeze—pump-thaw cycles. Tp Ul2,>
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diphenyldiazomethane,*® and potassium graphite*® were prepared according to literature
procedures.

'H and C NMR spectra were recorded on a Varian Inova 300 spectrometer
operating at 299.992 MHz. All chemical shifts are reported relative to the peak for SiMea,
using *H and **C (residual) chemical shifts of the solvent as a secondary standard. Infrared
spectra were recorded on a Thermo Nicolet 6700 FTIR spectrophotometer with a DTGS
TEC detector as a solution deposition on a KBr window. Samples were stored under an
inert atmosphere until transferred to the spectrometer. Electronic absorption measurements
were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data collection
performed on a Jasco V-6700 spectrophotometer under inert conditions.

Data for all crystals were collected on a Bruker AXS X8 Prospector CCD
diffractometer featuring an I-u-S microsource X-ray tube with a laterally graded multilayer
(Goebel) mirror for monochromatization and operating with Cu Ko radiation (A = 1.54184
A). All instruments were equipped with Oxford Cryostream low temperature devices.
Single crystals for X-ray diffraction were coated with poly(isobutylene) oil in a glovebox
and mounted on a Mitegen micromesh mount and quickly transferred to the goniometer
head into the 100 K coldstream of the diffractometer. Initial unit cells were determined,
data collection strategies set up and frames collected using APEX2,%! processed using
SAINT,? and the files scaled and corrected for absorption using SADABS?® or
TWINABS.?* The space groups were assigned and the structures were solved by direct
methods using XPREP within the SHELXTL suite of programs®>? and refined by full
matrix least squares against F? with all reflections using Shelx12014% and the graphical
interface Shelxle.?” If not specified otherwise H atoms attached to carbon atoms were
positioned geometrically and constrained to ride on their parent atoms, with carbon
hydrogen bond distances of 0.95 A for alkene and aromatic C-H, 1.00, 0.99 and 0.98 A for
aliphatic C-H, CHz and CHs moieties, respectively. Methyl H atoms were allowed to rotate
but not to tip to best fit the experimental electron density. Uiso(H) values were set to a
multiple of Ueq(O/C/N) with 1.5 for CHs and OH, and 1.2 for C-H, CH2 and N-H units,
respectively. Additional details relating to disorder and twinning are given for each
structure in their crystallographic experimental details sections, below.



72

Synthesis of Tp*“U21sN2CPh2: A 20-mL scintillation vial was charged with two
equivalents (500 mg, 0.5 mmol) of Tp“Ul2 and 10 mL of toluene. The solution was stirred
at room temperature for 5 minutes before one equivalent a 0.5 M solution of
diphenyldiazomethane in toluene was added dropwise over 5 minutes. An immediate color
change was observed as the deep blue/purple uranium solution turned brick red upon
addition of the magenta diazomethane. The reaction was stirred at room temperature for 2
hours before volatile compounds were removed in vacuo leaving a dark brown residue.
Repeated washings with toluene afforded a fine golden powder which was identified as
Tp*2U214N2CPh; in 60% yield. *H NMR (300 MHz, 25 °C, CsDs): 6 =-13.80 (s, 2H, Tp B-
H), -7.91 (s,18H, Tp"Me), 2.11 (s, 6H, Tp*C-H), 4.61 (s, 18H, Tp"Me), 15.26 (s, 2H),
16.87 (s, 1H, Ph-p-H), 17.09 (s, 2H), 20.54 (s, 1H, Ph-p-H), 30.61 (s, 2H), 32.45 (s, 2H).

Synthesis of Tp“U2l2(N2CPhy)2: A 20-mL scintillation vial was charged with
Tp“2U21sN2CPh2 in 5 mL of toluene. Two equivalents of KCg and one equivalent of
diazomethane were then added and the slurry was left to stir at room temperature for 30
minutes. The slurry was filtered over celite to remove graphite and Kl and the resulting
reddish-brown solution was concentrated to afford a dark reddish-brown residue.
Recrystallization from toluene afforded Tp*2U212(N2CPhy). in an 85% yield. *H NMR
(300 MHz, 25 °C, CeDs): & = -25.34 (s, 4H), -12.04 (s, 1H, Tp"B-H), -7.90 (s, 9H, Tp"Me),
-4.77 (s, 2H), 0.27 (s, 1H, Tp"B-H), 1.85 (s, 2H), 2.11 (s, 9H, Tp"Me), 4.36 (s, 9H, Tp"Me),
6.77 (s, 9H, Tp"Me), 17.23 (s, 4H), 22.63 (s, 4H), 25.72 (s, 4H).

Synthesis of Tp“U2I(N2CPhy)2: A 20-mL scintillation vial was charged with
Tp“2U21sN2CPh2 in 5 mL of toluene. Three equivalents of KCs and one equivalent of
diazomethane were then added and the slurry was left to stir at room temperature for 30
minutes. The slurry was filtered over celite to remove graphite and Kl and the resulting
reddish-brown solution was concentrated to afford a dark reddish-brown residue.
Recrystallization from toluene afforded Tp”2U21(N.CPh2), *H NMR (300 MHz, 25 °C,
CeDs): & = -28.36 (s, 4H), -13.94 (s, 1H, Tp"B-H), -8.32 (s, 9H, Tp'"Me), -4.57 (s, 2H),
0.12 (s, 1H, Tp"B-H), 1.56 (s, 2H), 1.91 (s, 9H, Tp"Me), 3.76 (s, 9H, Tp'Me), 7.12 (s, 9H,
Tp'Me), 15.43 (s, 4H), 23.67 (s, 4H), 26.21 (s, 4H).
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Synthesis of Tp“U2(N2CPhz)s: A 20-mL scintillation vial was charged with
Tp“2U21sN2CPh2 in 5 mL of toluene. Four equivalents of KCs and two equivalents of
diazomethane were then added and the slurry was left to stir at room temperature for 30
minutes. The slurry was filtered over celite to remove graphite and Kl and the resulting
reddish-brown solution was concentrated to afford a dark reddish-brown residue.
Recrystallization from toluene yielded Tp*2U2(N2CPhy)s in a 79% yield. *H NMR (300
MHz, 25 °C, CsDs): 6 = -18.95, -16.99, -13.71, -12.65, -8.60, -3.85, -3.52, -2.90, -2.38, -
0.15, 0.28, 1.33, 1.66, 1.87, 2.11, 2.25, 2.40, 3.15, 3.81, 4.20, 3.15, 3.81, 4.20, 4.97, 5.65,
7.03,7.74,9.01, 9.62, 9.80, 10.97, 11.53, 12.16, 12.18, 13.11, 14.12, 14.67, 15.64, 16.87,
17.57, 20.53.
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CHAPTER 4. COPPER CATALYZED SYNTHESIS OF FLUORO-
AND ALKYL-SUBSTITUTED DICARBONYLS

4.1 Introduction

Synthesis of carbon-carbon alkyl bonds, particularly via transition-metal catalyzed
reactions, remains a topic of constant discussion due to its importance in natural product
synthesis, medicinal chemistry, and materials synthesis. Cross-coupling of alkyl
electrophiles with alkyl nucleophiles traditionally led to poor reaction yields with little-to-
no enantioselectivity, however expanding the use of these materials with transition metal
catalysts has led to great steps being made. A plethora of alkyl electrophiles exist due to
the prevalence of alkyl halides. Alkyl nucleophiles, mostly consisting of Grignard-, zinc-,
and boron-alkyl reagents, also have widespread use in the chemical community, but are
trickier to mass produce, ship, and handle due to their lack of stability.>”-5 Many of these
reagents must be synthesized immediately preceding a reaction or in situ in order to
preserve viability. In addition to these complications, a large majority of reagents do not
include fluorinated products which have seen heightened use in medicinal and energy
applications.®3%* While some progressions have been made towards the synthesis of di-
and mono-fluorinated products, the processes are typically limited to aryl or other n-bond

systems.26-54

4.2 Results and Discussion

The herein described project began with a reaction that was run between a p-
methoxy phenyl cyclopropanol and ethyl 2-bromopropoanate in the presence of copper (I)
iodide, potassium carbonate, 1,10-phenanthroline, and acetonitrile. The reaction used one
equivalent of the cyclopropanol, four equivalents of ethyl 2-bromopropoanate, 10 mol%
copper, 20 mol% ligand, and 0.1 M acetonitrile. The desired product was formed in 27%
yield on a 0.3 mmol scale. As it was undesirable for the reaction to be limited to only
aromatic cyclopropanols, the reaction scope was then expanded to benzylcyclopropanol as

well as phenethylcyclopropanol (Scheme 4.1). Although the product of the
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benzylcyclopropanol contains an exceedingly acidic proton in the benzyl/a-carbonyl
position, the desired product was recovered in a 30% yield. It was then determined that
optimization studies would be performed on the phenethylcyclopropanol due to its ease of

synthesis through the Kulinkovich reaction as well as the stability of the product.

o o) o)

Cul, 1,10-phenanthroline,
MeO Me K,CO3, MeCN, 80 C MeO Me
overnight
Me
OH © i
+ Br Cul, 1,10-phenanthroline, OEt
OEt >
Me K,CO3, MeCN, 80 C
overnight
0 (0] (0]
Cul, - i
©/\XOH + Br%OEt 1,10 phenanthrollne,‘ WOEI
Me K,COs, MeCN, 80 C Me
overnight

Scheme 4.1 Initial test reactions of cyclopropanol cross-coupling with a brominated ester.

Synthesis of the cyclopropanol can be achieved either through the Simmons-Smith
reaction or through a Kulinkovich reaction. It is common knowledge in our group that
purification of the Kulinkovich reaction is very tricky due to a commonly made byproduct
having the same Rs as the desired product in every tried solvent system. The discovery of
a paper written by Kulinkovich that acknowledges these byproducts and uses an equivalent
of methyl magnesium bromide to circumvent the formation of these byproducts aided in
the complication of purification. This procedure has since been employed and not only
eases the complications of purifying the desired product, but also increases reaction yield

by preventing the reaction pathway of the undesired intermediates (Scheme 4.2).
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0 Ti(OiPr)4, MeMgBr,
OEt - OEt
EtMgBr, THF

Scheme 4.2 Revised Kulinkovich cyclopropanation reaction.

With phenethylcyclopropanol in hand, the first optimization parameter that was
explored was varying the copper (1) catalyst. Reaction conditions still involved using one
equivalent of cyclopropanol, four equivalents of a-bromoester, two equivalents of base
(potassium carbonate), 10 mol% copper (1), 20 mol% ligand (1,10-phenanthroline), and
0.1 M acetonitrile (Scheme 4.3). Table 4.1 shows the results of this reaction with six
different copper catalysts as well as one condition which was run with no copper present.
As expected, the reaction does not proceed in the absence of copper. Since little difference
was seen between most of the ligands and copper (1) chloride gave the desired product in
a 38% yield, it was chosen to be used in further optimization studies. This decision was

made based on the price of the catalyst and available quantities.

B © Copper Catalyst, K,COg’ o o
OH r\)J\OEt ot
Me 1,10-phgnanthroline, MeCN, Me
80 (, 16-20 hours

Scheme 4.3 General reaction conditions for optimization of copper catalysts shown in
Table 4.1
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Table 4.1 Reaction optimization with a variety of copper catalysts and the resulting

yields.

Entry Copper Catalyst Yield
1 Cul 30%
2 CuBr 37%
3 CuCl 38%
4 CuTc 42%
5 CuCn 38%
6 Cu(MeCN)4BF4 41%
7 None 0%

An observation was made when using CuTc (copper (1) thiophene-2-carboxylate)
that a byproduct formed which had a nearly identical Rr as the desired product on TLC.
NMR data of the purified byproduct showed that the ligand had reacted with the excess
ester to form the byproduct in nearly quantitative yield (Scheme 4.4).

o O Me
S ©) o OEt
(@) + Br —_— S O)ﬁ(
\ | OEt \ | 3
Me
Scheme 4.4 Reactivity of thiophene carboxylate ligand with brominated ester

The second parameter explored was the impact of different bases on the reaction
condition. A number of bases, both organic and inorganic, were chosen and the results are
shown in Table 4.2 using conditions shown in Scheme 4.5. The organic bases were far
more beneficial to the production of the final product than inorganic bases, although, it was

noted that, pyridine-type bases resulted in nearly complete recovery of starting material.
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Diisopropyl amine provided the highest yield (70%). Again, an experiment was performed
to test the reaction in the absence of base which only resulted in recovered starting material.
Based on other papers regarding cyclopropanol cross-coupling, it is hypothesized that the
base is crucial to the cyclopropanol opening and the reaction cannot proceed in its

absence.?>59

o 0]

@) CuCl, Base,
OH Br
\)J\OEt . OEt
Ve 1,10-phenanthroline, MeCN, Me

80 ¢, 16-20 hours

leq. 4 eq.

Scheme 4.5 General reaction conditions for optimization of bases shown in Table 4.2
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Table 4.2 Reaction optimization with a variety of bases and the resulting yields.

Entry Base Yield
8 K2COs 38%
9 Na2COs 35%
10 Cs2CO0s 34%
11 K3PO4 30%
12 KOtBu No reaction
13 LiOtBu No reaction
14 Pyridine No reaction
15 EtsN 56%
16 DIPEA 61%
17 'PraNH 70%
18 Proton sponge No reaction
19 2,6-lutidine No reaction
20 Tetramethyl pyridine 67%
21 None No reaction

Further optimization was achieved by investigating solvent effects (Scheme 4.6).
Including the original solvent, acetonitrile, five solvents were investigated however, only
dichloromethane resulted in product and it was at significantly a diminished yield (Table
4.3). It was noted that a greater quantity of byproducts were produced from this reaction,
such as the B-hydride eliminated product from the cyclopropanol. The effect of

concentration on the reaction system was also tested but showed little effect on the overall

yield.
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) CuCl, DIPA, solvent,
OH Br .
%OEI _ Ot
Me 1,10;phenanthroline, Me

80 ¢, 16-20 hours

Scheme 4.6 General reaction conditions for optimization of solvent as shown in Table 4.3

Table 4.3 Reaction optimization with a variety of bases and the resulting yields.

Entry Solvent Yield
22 MeCN 70%
23 MeOH No reaction
24 THF No reaction
25 Toluene No reaction
26 DCM 41%
27 MeCN (0.2 M) 60%
28 MeCN (0.5 M) 63%

Final testing occurred which probed the sensitivity of the reaction to the original
procedure (Table 4.4). Since it is not ideal to use four equivalents of the a-bromoester two
reactions were set up using a 1:1 ratio and a 1:2 ratio. Fortunately, the reaction still proceeds
but results in a drastically lower yield. Interestingly, the unopened cyclopropanol was still
observed even after allowing the reaction to stir at 80 °C for over 24 hours. With the
previously optimized conditions using copper (1) chloride and di-isopropyl amine there was
no starting material left after 16 hours (as observed by crude NMR). Another reaction was
performed in which the catalyst loading was doubled to 20 mol% and the ratio of
cyclopropanol to a-bromoester was kept at 1:2. Unfortunately, this resulted in a nearly

identical yield. This suggests that there is a yet unobserved competing reaction pathway
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occurring with the a-bromoester. Further mechanistic probing is required to elucidate the
details of this reaction.

A final reaction was run in which the 1,10-phenanthroline was omitted from the
reaction to ensure that the organic amine base was not acting as a ligand on the copper
(Table 4.4). It was a relief to observe that, without phenanthroline, no reaction of the
cyclopropanol took place. Since one of the future goals of this project was to induce an
asymmetric addition to the cyclopropanol using chiral ligands, it was important to know if
the base, which provided a drastic increase in yield, would act as and compete with the
chiral ligand which would in turn prohibit enantioselectivity.

O (@]
o CuCl, DIPA, MeCN,
OH Br -
%OEt . OFt
1,10sphenanthroline, Me
Me 80 C, 16-20 hours

Scheme 4.7 Conditions for final optimization procedures outlined in Table 4.4

Table 4.4 Explorations in reducing the quantity of brominated ester used in synthesis.

Entry Parameter Explored Yield

29 Cyclopropanol: ester in a 39%
1:1 ratio

30 Cyclopropanol: ester in a 46%
1:2 ratio

31 Cyclopropanol: ester in a 45%

1:1 ratio with a 20 mol %
copper loading

32 Phenanthroline omitted No reaction
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Following the above investigations, it was discovered that conditions using the
diisopropyl amine were applicable to synthesis of mono-fluoroesters. Optimization of this
reaction proceeded quickly as it only needed minor changes to produce ideal results. It was
observed that aryl cyclopropanols performed best in this cross-coupling reaction with
yields in the 50% range. Alkyl substituted cyclopropanols underwent cross-coupling but at
drastically decreased yields in respect to the alkylation reaction. When conditions were

applied to the disubstituted cyclopropanol “F” only the B-elimination product was observed.

A B
@) O @) o
T g
Me _
O

55% 35%
MOAMe MOAME
Br
27% 58%
E o o =
HO
o o
" 50% NO product formed

Figure 4.1 Collected data from the cross-coupling of cyclopropanols with fluorinated
bromo-esters.

Investigations into the asymmetric application of this reaction were relatively short.
After applying a variety of ligands to the reaction conditions, only drastically reduced
yields were observed (Scheme 4.8). A method was developed using gas chromatography

and a chiral column to separate the enantiomers of this reaction but led to poor results as
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there was no enantioselectivity observed. This led to the belief that it is likely a diradical
mechanism through which the copper catalyzed cross-coupling reaction is occurring.
With this knowledge, we investigated identical reaction conditions except using
cyclobutanols in place of cyclopropanols. The ring strain of cyclobutanols is only
marginally lower than that of cyclopropanols but unfortunately only starting material was

recovered from all the reactions which were run.

HO 0] .
CuCl/Ligand, NHiPr,
. Br%oa - > OEt
MeCN, 80 "C
Me Me

Ligands used:

Me Me

0 0 B
B@NQ R T
n Bn 50 %
6% 5% /T

Scheme 4.8 Reaction conditions used for trials with chiral ligands

With these results in hand, efforts were made to synthesize a library of compounds.
The optimized copper catalyzed reaction was effective with a wide variety of substrates

including secondary alcohols, terminal alkenes, as well as silyl and phenyl ethers.



84

HO
o CuCl/Phen, NHiPr,
Br.
’ %05 MeCN, 80 °C
MeO Me

(@] (@] o) o) (@)
Woa OEt BZO Et
4
Me Me
74% 67% 65% 70%
OH O o
(@] (@] le) e}
OEt
OEt
M A o W i Ve
MeO Me
75% 69% 71% 53%
fo) o) (0] (e}
TBSO PhO
MOEI A OEt
4 Me Me
70% 62%

Scheme 4.9 Final products of cyclopropanol alkylation with yields.

Expansion of the previously described reaction to difluoro brominated esters was
accomplished and optimized by simply changing the base from diisopropyl amine to
potassium carbonate. This reaction produced a similar tolerance to a variety of functional

groups as the ones previously described (Scheme 4.10).
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P o
A co,Et
H
45% 70% 74%

Scheme 4.10 Final products of cyclopropanol difluorination with yields.

Unlike the mono-fluorination reaction, cross coupling with di-substituted
cyclopropanols occurred in appreciable yields and produced two cross-coupled products
(Scheme 4.11). Production of the two products lends more evidence towards a di-radical
mechanism as all of the major products are the result of a secondary radical preferentially
formed over a primary radical.
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OH O Cul, Phen, K,CO5 O RZ O 0 o
+ Br .
1 1
RY % F OFt MeCN, 80 °C Rﬂ\)p(u\oa + Rﬂ\/?(u\oa
F R2 F
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O Et O O Et O O Et O o Et O
PhO
PhWOEt Woa Moa WOH
F
F F Br F
08% (38:1) 54% (35:1) 45% (36:1) 68% (17:1)
© Bn O 0 0 O Et O el o)
HWOB + Hwoa Bn)J\)?(U\OEt + anOEt
F n F E t E
38% (5:1) 53% (2.4:1)

Scheme 4.11 Final products of disubstituted cyclopropanol difluorination with yields.

Extension of the di-fluorinated products was easily accomplished by reaction with
a library of difluorinated amides (Scheme 4.12). These amides showed identical tolerance
to a wide variety of functional groups as all previous attempts and resulted in a library of

compounds made in moderate to good yield.
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HO o
Cul’ Phen, K,CO4 R
. Br. R
X MeCN, 80 °C F
MeO FF MeO
o) o © © o o
\ N
/\ . N
Voo FLX wmeo F
X = O (80%) p MeO kNTs
X = CH, (88%) OMe
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(0] nBu
R (@] fe) l\i
o = Br%N/\/ F ©
e R = C3F7 (73%) F fBu F
R = CsF11 (65%) MeO 46% (Cs2CO; = base)

R = PO3Et (33%) (LiOtBu = base)

Scheme 4.12 Final products of cyclopropanol difluorination using various difluoro-
bromo-amides.

4.3  Experimental

General Methods: NMR spectra were recorded on Bruker spectrometers (*H at 400 MHz,
500 MHz, 800 MHz and *3C at 100 MHz, 125 MHz, 200 MHz). Chemical shifts (5) were
given in ppm with reference to solvent signals [*H NMR: CHClIz (7.26); *3C NMR: CDCls
(77.2), CsDs (128.02), CD3OD (49.0)]. Column chromatography was performed on silica
gel. All reactions sensitive to air or moisture were conducted under argon atmosphere in
dry and freshly distilled solvents under anhydrous conditions, unless otherwise noted.
Anhydrous THF and toluene were distilled over sodium benzophenone ketyl under Argon.
Anhydrous CH2Cl2 was distilled over calcium hydride under Argon. All other solvents and
reagents were used as obtained from commercial sources without further purification.

General procedure for alkylation of cyclopropanols:
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oH CuCl (0.1 equiv) o
. BT\[/COZEt phenanthroline (0.2 equiv) R J\/\(,CozEt
R7V R, MeCN, 80 °C, PrNH R,
R, =alkyl or F

Under argon atmosphere, a mixture of cyclopropanol (0.2 mmol), ethyl 2-bromoester (0.8
mmol), CuCl (0.02 mmol), phenanthroline (0.04 mmol), and 'Pr.NH (0.2 mmol) in 1 mL
MeCN was stirred at 80 °C for 16 h. The reaction was quenched with 2 mL ammonium
chloride. The organic layer was separated, and the aqueous layer was extracted with EtOAc
three times. The combined organic extracts were washed with ag. NaCl three times, dried
over Na2SQq4, concentrated in vacuo, and purified by silica gel column chromatography to
give the desired product.

O O

OEt
Me

38.9 mg, 74% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 7.28 — 7.26 (m, 2H), 7.20 — 7.16 (m, 3H), 4.11 (q, J = 7.13 Hz, 2H), 2.89 (t, J =
7.8 Hz, 2H), 2.72 (t, J = 7.9 Hz, 2H), 2.43 - 2.39 (m, 3H), 1.87 — 1.84 (m, 1H), 1.74 - 1.73
(m, 1H), 1.24 (t, J = 7.1 Hz, 3H), 1.14 (d, J = 7.0 Hz, 3H); 3C NMR (125 MHz, CDCls) &
209.3,176.2, 141.1, 128.6, 128.4, 126.2, 60.4, 44.4, 40.4, 38.8, 29.9, 27.4, 17.3, 14.4; IR
(cm™) (neat): v = 1714, 1496, 1453, 1411, 1373, 1260 1177, 1094, 1029, 859 cm™; GC-
MS (El) [M]": m/z calcd for Ci6H2203: 262.16, found 262.15.
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@) O
OEt

Me

33.3mg, 67% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 7.36 — 7.26 (m, 5H), 4.10 (q, J = 7.2 Hz, 2H), 3.70 (s, 2H), 2.52 — 2.39 (m, 3H),
1.91-1.72 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H), 1.13 (d, J = 7.0 Hz, 3H); *C NMR (125 MHz,
CDCl3) 6 207.7, 176.2, 134.3, 129.5, 128.8, 127.2, 60.4, 50.3, 39.4, 38.8, 27.5, 17.3, 14.4;
IR (cm™) (neat): v = 2977, 2937, 1729, 1262, 1183, 1096, 1030 cm™; GC-MS (El) m/z
calcd for C1sH2003: 248.14, found 248.15.

O O

Woa
Me
MeO

39.8 mg, 75% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 4 7.94 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 4.14 (q, J = 7.1 Hz, 2H), 3.86
(s, 3H), 3.01 -2.88 (m, 2H), 2.57 — 2.52 (m, 1H), 2.08 — 2.00 (m, 1H), 1.94 — 1.88 (m, 1H),
1.24 (t,J = 7.1 Hz, 1H), 1.20 (d, J = 7.0 Hz, 1H); ¥*C NMR (125 MHz, CDCl3) § 198.3,
176.4, 163.6, 130.4, 130.1, 113.8, 60.5, 55.6, 39.1, 35.9, 28.3, 17.5, 14.4; IR (cm™®) (neat):
v = 1728, 1678, 1574, 1453, 1416, 1370, 1257, 1170, 1112, 983, 841cm™; GC-MS (El)
[M]*: m/z calcd for C1sH2004: 264.14, found 264.15.
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O 0]

PhO/\/\)WJ\OEt

Me

37.9 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 7.28 — 7.24 (m, 2H), 6.94 — 6.86 (m, 3H), 4.12 (q, J = 7.1 Hz, 2H), 3.95 (t, J =
5.8 Hz, 2H), 2.49 — 2.42 (m, 5H), 1.91 - 1.83 (m, 1H), 1.77 - 1.71 (m, 5H), 1.25 (t, J = 7.1
Hz, 3H), 1.15 (d, J = 7.0, 3H); $3C NMR (125 MHz, CDCls) § 210.0, 176.2, 159.0, 129.5,
120.7, 114.5, 67.5, 60.4, 42.4, 40.2, 38.9, 28.8, 27.5, 20.5, 17.3, 14.4; IR (cm™) (neat): v =
1727, 1713, 1600, 1377, 1243, 1172, 1080, 1036 cm™’; GC-MS (El) [M]*: m/z calcd for

C1s8H2604: 306.18, found 306.20.
o o

BZO/\/\)WJ\OEt

Me

42.0 mg, 65% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCls) & 8.04 — 8.03 (m, 2H), 7.57 — 7.42 (m, 3H), 4.34 — 4.31 (m, 2H), 4.12 (9, J = 7.1
Hz, 2H), 2.50 — 2.42 (m, 5H), 1.94 - 1.72 (m, 6H), 1.25 (t, J = 7.1 Hz, 3H), 1.15 (d, J = 7.0
Hz, 3H); 13C NMR (125 MHz, CDCls) § 209.8, 176.2, 166.7, 133.0, 130.4, 129.6, 128.4,
64.6, 60.4, 42.2, 40.3, 38.9, 28.3, 27.5, 20.3, 17.3, 14.3; IR (cm™) (neat): v = 1714, 1602,
1452, 1314, 1271, 1176, 1111, 1070, 963, 859 cm™; GC-MS (EI) [M]*: m/z calcd for
C19H260s: 334.18, found 334.20.
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O O

TBSO/A\//\\/H\V/\W/M\OEt

Me

48.2 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 4.10 (q, J = 7.1 Hz, 2H), 3.57 (t, J = 6.3 Hz, 2H), 2.42-2.38 (m, 5H), 1.88 — 1.80
(m, 1H), 1.75-1.69 (m, 1H), 1.62 — 1.56 (m, 2H), 1.49 - 1.44 (m, 2H), 1.22 (t, J= 7.1 Hz,
3H), 1.13 (d, J = 7.0 Hz, 3H), 0.86 (s, 9H), 0.01 (s, 6H); 3C NMR (125 MHz, CDCls) &
210.3, 176.2, 62.9, 60.4, 42.7, 40.1, 38.9, 32.3, 27.5, 26.0, 20.4, 18.4, 17.3, 14.3, -5.2; IR
(cm™) (neat): v = 1730, 1462, 1378, 1254, 1179, 1096, 1051, 1006, 835 cm™; GC-MS (El)
[M]*: m/z calcd for C1sH3604Si: 344.24, found 344.25.

OEt
Me

44.4 mg, 71% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 4.11 (g, J = 7.1 Hz, 2H), 2.90 — 2.87 (m, 1H), 2.74 — 2.72 (m, 1H), 2.45 - 2.35
(m, 6H), 1.88 - 1.82 (m, 1H), 1.77-1.70 (m, 1H), 1.51 - 1.23 (m, 17H), 1.15 (d, J = 7.0 Hz,
3H); 1*C NMR (125 MHz, CDCls) § 210.6, 176.3, 60.4, 52.5, 47.2, 43.0, 40.2, 38.9, 32.6,
29.4,29.4,29.3,27.5, 26.1, 23.9, 17.3, 14.4; IR (cm™) (neat): v = 1714, 1463, 1410, 1375,
1259, 1177,1094, 1051, 1026, 834 cm™*; GC-MS (EI) [M]*: m/z calcd for C1sH3204: 312.23,
found 312.25.
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OEt
Me

41.1 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCl3) 6 5.83 - 5.75 (m, 1H), 4.99 — 4.91 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.44 - 2.35
(m, 5H), 2.04 — 2.00 (m, 2H), 1.89 — 1.82 (m, 1H), 1.77 — 1.70 (m, 1H), 1.55 - 1.53 (m,
2H), 1.37 - 1.34 (m, 2H), 1.26 — 1.23 (m, 11H), 1.15 (d, J = 7.0 Hz, 3H); 3C NMR (125
MHz, CDCls) 6 210.6, 176.3, 139.3, 114.3, 60.4, 43.0, 40.2, 38.9, 33.9, 29.5, 29.4, 29.3,
29.2,29.0,27.6,24.0,17.3, 14.4; IR (cm™) (neat): v = 1730, 1462, 1453, 1376, 1257, 1177,
1027, 994, 909 cm; GC-MS (EI) [M]*: m/z calcd for C1gH3203: 296.24, found 296.25.

o o

OEt
Me

39.6 mg, 70% yield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCls) 8 4.11 (q, J = 7.1 Hz, 2H), 2.45 — 2.41 (m, 3H), 2.32 — 2.27 (m, 1H), 1.86 — 1.68
(m, 6H), 1.33 = 1.20 (m, 9H), 1.30 (d, J = 7.0 Hz, 3H); *C NMR (125 MHz, CDCl3) §
213.4,176.3,60.4,51.0, 38.9, 38.0, 28.6, 28.6, 27.5, 25.9, 25.8, 17.3, 14.4; IR (cm™) (neat):
v = 1707, 1450, 1376, 1245, 1160, 1096, 1053, 1026, 991 cm™*; GC-MS (El) [M]*: m/z
calcd for C14H2403: 240.17, found 240.20.
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OH O (0]

OEt
Me

31.2 mg, 53% yield, colorless oil, purified with 5% EtOAc in hexanes. *H NMR (500 MHz,
CDCls) & 7.31 — 7.26 (m, 1H), 7.10 — 7.07 (m, 2H), 6.96 — 6.93 (m, 1H), 5.15 — 5.13 (m,
1H), 4.11 (g, J = 7.1 Hz, 2H), 3.45 (br s, 1H), 2.84 — 2.74 (m, 2H), 2.49 — 2.40 (m, 3H),
1.90 - 1.73 (m, 2H), 1.23 (t, = 7.1 Hz, 3H), 1.15 (d, J = 7.0 Hz, 3H); 3C NMR (125 MHz,
CDCls) 6 210.3,176.2, 163.2 (d, J = 246.0 Hz), 145.6 (d, J = 6.8 Hz), 130.2(d, J = 8.1 Hz),
121.2,114.5(d, J=21.2 Hz), 112.7(d, J = 22.0 Hz), 69.4, 60.6, 51.2, 41.1, 38.8, 27.2, 17.3,
14.3, 14.23; IR (cm™) (neat): v = 3492, 1711, 1693, 1680, 1613, 1462, 1451, 1433, 1378,
1245.9, 1184, 1133, 1047, 874cm™:; GC-MS (EI) [M]*: m/z calcd for Ci6H21FO4: 296.14,
found 296.15.

O @)

OMe
Bu

43 mg, 51% vyield, colorless oil, purified with 5% EtOAc in hexanes; *H NMR (500 MHz,
CDCls) 6 7.28 — 7.16 (m, 5H), 3.65 (s, 3H), 2.88 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 7.6 Hz,
2H), 2.41 - 2.30 (m, 3H), 1.82 — 1.76 (m, 2H), 1.62 — 1.58 (m, 1H), 1.44 — 1.41 (m, 1H),
1.31-1.21 (m, 4H), 0.87 (t, J = 7.1 Hz, 3H); 3C NMR (125 MHz, CDCl3) § 209.2, 176.4,
141.1, 128.6, 128.4, 126.2, 51.5, 44. 8, 44.4, 40.5, 32.2, 29.8, 29.5, 25.9, 22.6, 14.0; IR
(cm™) (neat): v = 1714, 1693, 1453, 1192, 1165 cm™; GC-MS (EI) [M]*: m/z calcd for
C19H2603: 296.18, found 296.30.

General Procedure for mono-fluorination:
In a flame dried vial starting cyclopropanol (0.2 mmol) was combined with copper (1)

iodide (0.02 mmol, 3.8 mg), 1,10-phenanthroline (0.04 mmol, 7.2 mg), and 2 mL

anhydrous acetonitrile (0.1 M). The solution was purged with argon gas before the addition
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of ethyl 2-bromo-2-fluoroacetate (0.8 mmol, 100 pL) and diisopropyl amine (0.4 mmol,
60 pL). The resulting solution was stirred at 80 °C for 16 hours then quenched with 2 mL
ammonium chloride. The mixture was extracted three times with ethyl acetate then washed
with brine before being dried over sodium sulfate. Rotary evaporation of the organic phase
resulted in a red-brown liquid which was purified with silica based flash chromatography

using 20:1 hexane: ethyl acetate as the eluent.

(0] O

MeO

29.5 mg, 66% yield, yellow oil, Cul as catalyst, purified with 25:1 hexanes:EtOAc; *H
NMR (500 MHz, CDCls) 8 7.94 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 5.04 (ddd, J
=49.1, 7.8, 4.2 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 3.87 (s, 3H), 3.19 — 3.05 (m, 2H), 2.53
—2.17 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H); *C NMR (125 MHz, CDCl3) § 196.9 (s), 169.7
(d, J =23.9 Hz), 163.8, 130.4, 129.8, 113.9, 88.2 (d, J = 183.3 Hz), 61.7, 55.6, 32.9, 27.0
(d, J = 20.9 Hz), 14.3; F NMR (470 MHz, CDCls) § -192.9 (td, J = 49.3, 27.3 Hz); IR
(cm™) (neat): v=1757, 1677, 1600, 1258, 1214, 1170, 1027; MS (ESI): m/z 291.3 [M+Na]".
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o} o}

Br

36.0 mg, 58% yield, yellow oil, Cul as catalyst, purified with 25:1 hexanes:EtOAc; *H
NMR (500 MHz, CDClI3) 6 7.84 — 7.81 (m, 2H), 7.63 — 7.59 (m, 2H), 5.04 (ddd, J = 49.0,
7.7,4.3 Hz, 1H), 4.27 (qd, J = 7.1, 1.4 Hz, 1H), 3.21 - 3.08 (m, 1H), 2.50 — 2.38 (m, 1H),
2.38-2.25(m, 1H), 1.31 (t, J = 7.1 Hz, 1H); 3C NMR (125 MHz, CDCl3) § 197.4, 169.6
(d, J=23.7Hz), 135.4, 132.2, 129.7, 128.7, 88.0 (d, J = 183.7 Hz), 61.9, 32.9, 26.7 (d, J =
20.9 Hz), 14.3; °F NMR (470 MHz, CDCl3) § -194.10 (m, 1F); IR (cm™®) (neat): v = 1757,
1688, 1586, 1569, 1484, 1398, 1271, 1178, 1096, 1071, 1027, 1010, 989 cm™*; GC-MS (EI)
[M]*: m/z calcd for C1sH14BrFOs: 316.01, found 316.05.

o o

F

25.1 mg, 50 % vyield, yellow oil, Cul as catalyst, purified with 25:1 hexanes:EtOAc; 'H
NMR (500 MHz, CDCls) & 8.10 — 7.98 (m, 2H), 7.15 — 7.12 (m, 2H), 5.04 (ddd, J = 49.0,
7.7, 4.3 Hz, 1H), 4.27 (qd, J = 7.1, 1.1 Hz, 2H), 3.22 — 3.08 (m, 2H), 2.50 — 2.38 (m, 1H),
2.34-2.22 (m, 1H), 1.31 (t, J = 7.1 Hz, 1H); 3C NMR (125 MHz, CDCls) 5196.8, 169.5
(d, J = 23.8 Hz), 166.0 (d, J = 255.0 Hz), 133.1, 130.8 (d, J = 9.2 Hz), 115.9 (d, J = 21.9
Hz), 88.1 (d, J = 183.6 Hz), 61.8, 32.9, 26.7 (d, J = 20.9 Hz), 14.3; 9F NMR (470 MHz,
CDCls) & -105.96 (m, 1F), -194.11 (m, 1F); IR (cm™) (neat): v = 1756, 1685, 15977, 1445,
1372, 1298, 1269, 1157, 1024, 991 cm*; GC-MS (El) [M]*: m/z calcd for CisH14F203:
256.09, found 256.10.
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General procedure for the synthesis of 2-bromo-2,2-difluoroamides:

o 2 LaOTf),’ neat o
r R ©Ms Br R2
B OEt + HN N/
F Rt Rl

Under argon atmosphere, a 20 mL tube equipped with a magnetic stir bar was
charged with  lanthanum  trifluoromethanesulfonate  (0.05 equiv). Ethyl
bromodifluoroacetate (1.2 equiv) and amine (1.0 equiv) were added. The mixture was
stirred at the room temperature and monitored by TLC. After the amine was consumed, the
mixture was concentrated and purified by silica gel column chromatography to give the

desired product.

The starting materials 15al?, 15b!2, 15¢f, 15¢%1, 15i4 and 15f! are prepared according

to previously reported literature!?!,

(0]

Br.
N
F

p
OMe

1.902 g, 90% yield, white solid; *H NMR (500 MHz, CDClI3, a mixture of rotamers) & 7.42
—-7.18 (m, 3H), 7.16 — 7.06 (m, 3H), 6.76 — 6.66 (m, 1H), 6.59 — 6.54 (m, 0.63 H), 6.39 —
6.36 (m, 0.33 H), 4.64 — 4.61 (m, 1H), 4.46 — 4.21 (m, 2H), 3.97 — 3.82 (m, 1H), 3.80 —
3.62 (m, 4H), 3.32 — 3.10 (m, 1H), 3.04 — 2.82 (m, 1H); **C NMR (125 MHz, CDCls,
rotamer) & 159.3 (t, J = 26.4 Hz), 159.0 (t, J = 35.4 Hz), 142.0, 141.8, 141.6, 141.6, 131.5,
131.4, 130.1, 129.2, 129.1, 128.8, 128.2, 127.9, 127.3, 127.0, 116.7, 116.6, 112.3, 111.8,
111.1 (t, J = 309.8 Hz), 110.7 (t, J = 310.8 Hz), 55.2, 52.2, 51.8, 50.0, 49.8, 48.9, 47.8,
33.6, 33.1; °F NMR (470 MHz, CDCls, rotamer) 8 -55.31 (dd, J = 543.7, 157.9 Hz), -
55.02 (dd, J = 985.0, 158.6 Hz); IR (cm™) (neat): v = 1661, 1502, 1453, 1152, 1128, 1043,
941; MS (ESI): m/z 432.2 [M+Na]".
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(0]
Br?ej\ { ;7
N

F
1.000g, 87% vyield, white solid; *H NMR (500 MHz, CDCls) § 8.21 (d, J = 8.4 Hz, 1H),
7.28—7.25(m, 2H), 7.17 - 7.14 (m, 1H), 4.32 — 4.29 (m, 2H), 3.25 (t, J = 8.2 Hz, 2H); 13C
NMR (125 MHz, CDCls) 6156.6 (t,J = 27.8 Hz), 142.0, 131.6, 127.8, 125.8, 124.8, 118.7,
111.1 (t, J = 315.4 Hz), 49.0 (t, J = 4.8 Hz), 28.70; 1°F NMR (470 MHz, CDCls) & -58.0;

IR (cm™Y) (neat): v = 1678, 1481, 1464, 1412, 1176, 1149, 1072, 925; MS (ESI): m/z 298.2
[M+Na]*.

0]

Br iPI’
N~
Flpr

529 mg, 83% yield, white solid; *H NMR (500 MHz, CDCls) & 4.38 (hept, J = 6.6 Hz, 1H),
3.50 (hept, J = 6.8 Hz, 1H), 1.43 (s, 3H), 1.41 (s, 3H), 1.26 (s, 3H), 1.24 (s, 3H); *C NMR
(125 MHz, CDCl3) §157.50 (t, J = 25.6 Hz), 111.1 (t, J = 314.7 Hz), 49.68, 47.41, 19.96,
19.58; °F NMR (470 MHz, CDCls) § -54.3; IR (cm™) (neat): v = 1671, 1447, 1376, 1343,
1154, 1141, 1131, 1033; MS (ESI): m/z 280.2 [M+Na]".

Ry

121 mg, 20% yield, colorless oil; *H NMR (500 MHz, CDCls) & 4.37 (t, J = 7.8 Hz, 2H),
4.13 (t, J = 7.9 Hz, 2H), 2.50 — 2.30 (m, 2H); *C NMR (125 MHz, CDCl3) §158.5 (t, J =
27.6 Hz), 111.3 (t, J = 316.3 Hz), 52.91, 49.37, 16.34; °F NMR (470 MHz, CDCl3) § -
57.8; IR (cm™) (neat): v = 1687, 1441, 1186, 1115, 1007, 947; MS (ESI): m/z 236.3
[M+Na]*.
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o

B:)%J\ nBU

N-

F H
|

502 mg, 92% yield, colorless oil; *H NMR (500 MHz, CDCIs, rotamer) & 6.00 — 5.66 (m,
1H), 5.28 — 5.21 (m, 2H), 4.04 (dd, J = 33.5, 5.6 Hz, 2H), 3.56 — 3.23 (m, 2H), 1.75 — 1.50
(m, 2H), 1.40 — 1.24 (m, 2H), 0.95 — 0.92 (m, 3H); 1*C NMR (125 MHz, CDCls, rotamer)
9, 159.22 (t, J = 26.4 Hz), 159.16 (t, J = 26.2 Hz), 132.28, 131.40, 118.91, 118.22, 111.2
(t, J = 314.9 Hz),111.1 (t, J = 314.9 Hz), 50.9, 49.5, 48.1, 46.8, 30.5, 28.6, 20.1, 20.0, 13.9,
13.8;°F NMR (470 MHz, CDCls,, rotamer) & -55.2, -55.3; IR (cm™) (neat): v =1681, 1444,
1168, 1139, 1114, 928; MS (ESI): m/z 292.2 [M+Na]*.

Genaral procedure for difluoralkylation of cyclopropanols:
OH O R1

F Cul/Phenanthrojine R2
K,COy' MeCN'’ 80 °C F

R1

Under argon atmosphere, cyclopropanol (0.1 mmol), difluoroalkyl halide (0.4 mmol), Cul
(0.01 mmol), Phenanthroline (0.02 mmol), and K2COs (0.2 mmol) in 1 mL MeCN was
stirred at 80 °C for 10-12 h. The reaction was then quenched by the water. The organic
layer was separated and extracted with EtOAc three times. The combined organic extracts
were washed with aq. NaCl three times, dried over Na2SOa, concentrated in vacuo, and
purified by silica gel column chromatography to give the desired product.
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O O

OEt
F
MeO

760 mg (3.0 mmol starting material was used) 89% yield, white solid; *H NMR (500 MHz,
CDCl3) 6 8.05 - 7.86 (m, 2H), 7.03 - 6.81 (m, 2H), 4.32 (g, J = 7.1 Hz, 2H), 3.87 (s, 3H),
3.25 — 3.08 (m, 2H), 2.66 — 2.43 (m, 2H), 1.34 (t, J = 7.2 Hz, 3H); 3C NMR (123 MHz,
CDCl3) 6 195.7,164.2 (t, J = 32.6 Hz), 163.9, 130.4, 129.5, 116.1 (t, J = 250.0 Hz), 113.97,
63.1, 55.6, 30.4, 29.2 (t, J = 23.7 Hz), 14.1; F NMR (470 MHz, CDClz) § -106.3 (t, J =
17.2 Hz); IR (cm™) (neat): v = 1763, 1679, 1600, 1511, 1259, 1170, 1093, 1029; MS (ESI):
m/z 309.2 [M+Na]".

@) o}

OEt
E
E

22.2 mg, 81% yield, white solid; *H NMR (500 MHz, CDCl3) & 8.08 — 7.90 (m, 2H), 7.17
—-7.08 (m, 2H), 4.32 (q, J = 7.1 Hz, 2H), 3.27 - 3.12 (m, 2H), 2.59 — 2.43 (m, 2H), 1.34 (t,
J = 7.2 Hz, 3H); 3C NMR (125 MHz, CDCls) & 195.56, 166.1 (d, J = 255.4 Hz), 164.0 (t,
J=32.7 Hz), 132.8, 130.8 (d, J = 9.3 Hz), 116.0 (d, J = 21.9 Hz), 115.9 (t, J = 248.6 Hz),
63.2, 30.7, 29.0 (t, J = 23.8 Hz), 14.0; **F NMR (470 MHz, CDCls)  -104.6, -106.3 (t, J
=17.2 Hz); IR (cm™) (neat): v = 1761, 1688, 1598, 1286, 1158, 10985, 1045; MS (ESI):
m/z 297.2 [M+Na]".
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O O

PhO
OEt
F

21.7 mg, 76% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.37 — 7.26 (m, 2H), 7.06
—-6.84 (m, 3H), 4.57 (s, 2H), 4.31 (q, J = 7.1 Hz, 2H), 2.99 — 2.79 (m, 2H), 2.48 — 2.32 (m,
2H), 1.34 (t, J = 7.2 Hz, 3H); 3C NMR (125 MHz, CDClI3) § 205.3, 163.9 (t, J = 32.6 Hz),
157.7,129.9, 122.1, 115.6 (d, J = 250.4 Hz), 114.6, 72.8, 63.2, 31.5, 28.0 (t, J = 24.1 Hz),
14.0; °F NMR (470 MHz, CDCls) 6 -106.4 (t, J = 17.0 Hz); IR (cm™) (neat): v = 1762,
1728, 1241, 1206, 1101, 1054; MS (ESI): m/z 309.3 [M+Na]".

OEt

22.9 mg, 85% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.43 — 7.16 (m, 5H), 4.31
(9, = 7.1 Hz, 2H), 3.74 (s, 2H), 2.79 — 2.65 (m, 2H), 2.45 — 2.30 (m, 2H), 1.34 (t, J = 7.2
Hz, 3H); °C NMR (125 MHz, CDCls3) § 205.4, 164.0 (t, J = 32.7 Hz), 133.8, 129.5, 129.0,
127.4, 115.7 (t, J = 250.2 Hz), 63.1, 50.2, 33.9, 28.6 (t, J = 23.9 Hz), 14.0; °F NMR (470
MHz, CDCl3) § -106.5 (t, J = 17.1 Hz); IR (cm™) (neat): v =1764, 1721, 1308, 1191, 1085,
1063; MS (ESI): m/z 293.2 [M+Na]".

(0] (6]
OEt
F

22.0 mg, 77% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.40 — 7.12 (m, 5H), 4.33
(9, J=7.1Hz, 2H), 2.93 (t, J = 7.6 Hz, 2H), 2.80 (t, J = 7.6 Hz, 2H), 2.71 - 2.60 (m, 2H),
2.45-2.29 (m, 2H), 1.37 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) § 206.9, 164.0
(t, J=32.8 Hz), 140.8, 128.7, 128.4, 126.3, 115.7 (t, J = 250.2 Hz), 63.1, 44.4, 34.8, 29.8,
28.5 (t, J = 24.0 Hz), 14.0; '°F NMR (470 MHz, CDCl3) & -106.5 (t, J = 17.1 Hz); IR (cm’
1y (neat): v = 1768, 1718, 1279, 1192, 1095, 1043, 1013; MS (ESI): m/z 307.3 [M+Na]".
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O (0]

Pho/\/\)J\/p(U\OEt
F

21.3 mg, 65% yield, colorless oil; *H NMR (500 MHz, CDClz) § 7.36 — 7.21 (m, 2H), 7.01
—-6.87 (m, 3H), 4.34 (9, J=7.1 Hz, 2H), 3.98 (t, J = 5.7 Hz, 2H), 2.72 - 2.29 (m, 6H), 1.88
—1.72 (m, 4H), 1.38 (t, J = 7.2 Hz, 3H); **C NMR (125 MHz, CDCl3) § 207.6, 164.1 (t, J
= 32.6 Hz), 1590. 129.6, 120.8, 115.8 (t, J = 249.9 Hz), 114.6, 67.4, 63.1, 42.4, 34.5, 28.8,
28.6 (t, J = 23.8 Hz), 20.6, 14.1; *°F NMR (470 MHz, CDCls) § -106.5 (t, J = 17.1 Hz); IR
(cm™) (neat): v = 1764, 1718, 1244, 1194, 1100, 1048; MS (ESI): m/z 351.3 [M+Na]".

O (@)

BzO/\/\)K/?(U\OEt
F

26.5 mg, 74% yield, colorless oil; *H NMR (500 MHz, CDClz) § 8.11 — 7.95 (m, 2H), 7.56
—7.41 (m, 3H), 4.37 — 4.24 (m, 4H), 2.67 — 2.64 (m, 2H), 2.52 (t, J = 6.8 Hz, 2H), 2.43 -
2.29 (m, 2H), 1.83 — 1.72 (m, 4H), 1.34 (t, J = 7.1 Hz, 3H); 3C NMR (125 MHz, CDCl3)
5 207.3, 166.7, 164.0 (t, J = 32.7 Hz), 133.0, 130.4, 129.6, 128.5, 115.7 (t, J = 250.2 Hz),
64.5, 63.1, 42.2, 34.6, 28.5 (t, J = 23.9 Hz), 28.3, 20.3, 14.0; °F NMR (470 MHz, CDCl3)
§-106.5 (t, J = 17.1 Hz); IR (cm™) (neat): v = 1764, 1716, 1274, 1100, 1070; MS (ESI):
m/z 379.3 [M+Na]".
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O O

TBSO/\/\)J\/?(U\OEt
F

299.7 mg (1.0 mmol starting material was used), 82% yield, colorless oil;*H NMR (500
MHz, CDCls) § 4.30 (q, J = 7.1 Hz, 2H), 3.60 (t, J = 6.3 Hz, 2H), 2.64 (t, J = 7.5 Hz, 2H),
2.48 — 2.29 (m, 4H), 1.66 — 1.60 (m, 2H), 1.53 — 1.45 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H),
0.88 (s, 9H), 0.03 (s, 6H); 13C NMR (125 MHz, CDCls) 5 207.9, 164.1 (t, J = 32.8 Hz),
115.8 (t, J = 250.1 Hz), 63.1, 62.8, 42.7, 34.5, 32.3, 28.6 (t, J = 23.9 Hz), 26.1, 20.4, 18.4,
14.1, -5.2; F NMR (470 MHz, CDCls) & -106.5 (t, J = 17.2 Hz); IR (cm™) (neat): v =
1767, 1721, 1256, 1193, 1097, 1058; MS (ESI): m/z 389.4 [M+Na]".

O (0]
OEt
F

37.0 mg (0.2 mmol starting material was used), 71% yield, colorless oil; *H NMR (500
MHz, CDCl3) 6 4.30 (q, J = 7.2 Hz, 2H), 2.72 — 2.61 (m, 2H), 2.43 - 2.19 (m, 3H), 1.86 -
1.61 (m, 5H), 1.39 — 1.17 (m, 8H); *C NMR (125 MHz, CDCl3) 6 211.0, 164.1 (t, J = 32.7
Hz), 115.9 (t, J = 250.0 Hz), 63.0, 50.9, 32.4, 28.6, 28.6 (t, J = 23.8 Hz), 25.9, 25.7, 14.0;
19F NMR (470 MHz, CDCls) & -106.5 (t, J = 17.2 Hz); IR (cm™) (neat): v = 1765, 1711,
1308, 1191, 1095, 1068; MS (ESI): m/z 285.3 [M+Na]".
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26.2 mg, 70% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 6.95 (dt, J = 15.6, 7.0 Hz,
1H), 5.80 (dt, J = 15.6, 1.5 Hz, 1H), 4.31 (q, J = 7.1 Hz, 2H), 3.72 (s, 3H), 2.74 — 2.53 (m,
2H), 2.48 — 2.28 (m, 4H), 2.18 (qd, J = 7.3, 1.6 Hz, 2H), 1.59 — 1.53 (m, 2H), 1.47 - 1.40
(m, 2H), 1.34 (t, J = 7.2 Hz, 3H), 1.27 (br s, 9H); *C NMR (125 MHz, CDCl3) § 208.1,
167.3,164.1 (t, J = 32.8 Hz), 149.8, 120.1, 115.8 (t, J = 250.0 Hz), 63.1, 51.5, 42.9, 34.5,
32.3,29.4, 29.3, 29.2, 29.2, 28.6 (t, J = 23.9 Hz), 28.1, 23.9, 14.1; °F NMR (470 MHz,
CDCl3) 6 -106.5 (t, J = 17.2 Hz); IR (cm™) (neat): v = 1765, 1718, 1436, 1273, 1195, 1102,
1070; MS (ESI): m/z 399.4 [M+Na]".

15.5 mg, 45% vyield, colorless oil; *H NMR (500 MHz, CDCl3) § 9.49 (d, J = 7.9 Hz, 1H),
6.84 (dt, J = 15.6, 6.8 Hz, 1H), 6.10 (ddt, J = 15.6, 7.9, 1.4 Hz, 1H), 4.31 (9, J = 7.1 Hz,
2H), 2.65 —2.62 (m, 2H), 2.45 — 2.29 (m, 6H), 1.60 — 1.46 (m, 4H), 1.37 — 1.25 (m, 11H);
13C NMR (125 MHz, CDCl3) § 208.0, 194.3, 164.1 (t, J = 32.7 Hz), 159.0, 133.1, 115.8 (t,
J=250.1Hz),63.1,42.9,34.5,32.8,29.3,29.2,29.2, 29.2, 28.6 (t, ) = 23.9 Hz), 27.9, 23.8,
14.1; °F NMR (470 MHz, CDCls3) § -106.5 (t, J = 17.2 Hz); IR (cm™) (neat): v = 1765,
1718, 1689, 1191, 1100, 1014; MS (ESI): m/z 369.3 [M+Na]*.
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31.6 mg, 83% yield, colorless oil; *H NMR (500 MHz, CDClz) § 7.84 — 7.82 (m, 2H), 7.74
—7.68 (m, 2H), 4.30 (q, J = 7.1 Hz, 2H), 3.68 (t, J = 6.9 Hz, 2H), 2.67 — 2.61 (m, 2H), 2.50
(t, J = 7.2 Hz, 2H), 2.41 - 2.27 (m, 2H), 1.71 = 1.59 (m, 4H), 1.34 (t, J = 7.2 Hz, 3H); 3C
NMR (125 MHz, CDClI3) 6 207.3, 168.5, 164.0 (t, J = 32.8 Hz), 134.1, 132.2, 123.3, 115.7
(t, J = 250.4 Hz), 63.1, 42.0 37.5, 34.6, 28.57 (t, J = 23.8 Hz), 28.0, 20.8, 14.1; 1%F NMR
(470 MHz, CDCl3) & -106.5 (t, J = 17.1 Hz); IR (cm™) (neat): v = 1766, 1709, 1397, 1373,
1188, 1071; MS (ESI); MS (ESI): m/z 404.3 [M+Na]*.

OEt

23.1 mg, 69% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 4.30 (q, J = 7.2 Hz, 2H),
2.94 — 2.57 (m, 4H), 2.46 — 2.28 (m, 5H), 1.59 — 1.25 (m, 17H); *C NMR (125 MHz,
CDCl3) 6 208.1, 164.0 (t, J = 32.6 Hz), 115.8 (t, J = 250.0 Hz), 63.1, 52.5, 47.2, 42.9, 34.5,
32.6, 29.4, 29.4, 29.3, 29.2, 28.5 (t, J = 23.9 Hz), 26.0, 23.9, 14.0; °F NMR (470 MHz,
CDCl3) § -106.5 (t, J = 17.2 Hz); IR (cm™) (neat): v =2928, 1765, 1718, 1305, 1278, 1191,
1103, 1080; MS (ESI): m/z 357.3 [M+Na]".
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O Et O

PhWOEt
F

19.4 mg, 68% vyield, colorless oil as a 38/1 mixture (determined by H and °F NMR); 'H
NMR (500 MHz, CDCl3) & 8.01 — 7.93 (m, 2H), 7.63 — 7.45 (m, 3H), 4.35 — 4.24 (m, 2H),
3.33 (dd, J = 17.7, 4.4 Hz, 1H), 3.14 — 2.95 (m, 2H), 1.76 — 1.67 (m, 1H), 1.47 — 1.38 (m,
1H), 1.33 (t, J = 7.2 Hz, 3H), 0.95 (t, J = 7.5 Hz, 3H); *C NMR (125 MHz, CDCl3) & 197.4,
164.3 (t, J = 33.1 Hz), 136.7, 133.5, 128.8, 128.2, 117.6 (t, J = 253.2 Hz), 63.0, 39.6 (t, J
= 21.3 Hz), 36.4, 21.6, 14.5, 11.5; **F NMR (470 MHz, CDCIs) & -108.3 (dd, J = 254.7,
14.6 Hz), -111.7 (dd, J = 254.7, 16.3 Hz): IR (cm™Y) (neat): v = 1763, 1689,1179, 1099,
1066, 1016; MS (ESI): m/z 307.3 [M+Na]*.

0] Et O

OEt
E
E

16.4 mg, 54% vyield, colorless oil as a 35/1 mixture (determined by *H and °F NMR); *H
NMR (500 MHz, CDCls) & 8.05 — 7.97 (m, 2H), 7.14 (t, J = 8.5 Hz, 2H), 4.35 — 4.26 (m,
2H), 3.30 (dd, J = 17.7, 4.6 Hz, 1H), 3.12 — 2.90 (m, 2H), 1.76 — 1.65 (m, 1H), 1.45 — 1.39
(m, 1H), 1.33 (t, J = 7.1 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H); °C NMR (126 MHz, CDCl3) 5
195.8, 166.0 (d, J = 255.2 Hz), 164.2 (t, J = 32.8 Hz), 133.2, 130.9 (d, J = 9.3 Hz), 11117.5
(d,J=253.1Hz), 115.9(d, J =219 Hz), 63.1, 39.7 (t, J = 21.3 Hz), 36.3, 21.6, 14.1, 11.5;
BFNMR (470 MHz, CDClIs3) 6 104.8,-108.2 (dd, J = 255.0, 14.5 Hz), -111.9 (dd, J = 254.9,
16.5 Hz): IR (cm!) (neat): v = 1765, 1689, 1589, 1231,1155, 1133; MS (ESI): m/z 325.3
[M+Na]*.
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O Et O

OEt
E
Br

16.4 mg, 45% vyield, colorless oil as a 36/1 mixture (determined by *H and °F NMR); *H
NMR (500 MHz, CDCls) & 7.84 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 4.35 — 4.26
(m, 2H), 3.29 (dd, J = 17.8, 4.7 Hz, 1H), 3.10 — 2.90 (m, 2H), 1.74 — 1.66 (m, 1H), 1.44 -
1.38 (m, 1H), 1.33(t, J = 7.1 Hz, 3H), 0.94 (t, = 7.5 Hz, 3H); *C NMR (125 MHz, CDCls)
01964, 164.2 (t, J = 33.0 Hz), 135.4, 132.1, 129.7, 128.7, 117.4 (t, J = 253.3 Hz), 63.1,
39.7 (t,J = 21.3 Hz), 36.3, 21.6, 14.1, 11.5; °F NMR (470 MHz, CDCl3) § -108.1 (dd, J =
255.1, 14.4 Hz), -111.9 (dd, J = 255.1, 16.5 Hz); IR (cm™) (neat): v = 1762, 1690, 1585,
1177, 1069, 1008; MS (ESI) MS (ESI): m/z 385.2 [M+Na]*.

21.4 mg, 68% yield, colorless oil as a 17/1 mixture (determined by H and °F NMR); 'H
NMR (500 MHz, CDCl3) § 7.33 — 7.28 (m, 2H), 7.01 (t, J = 7.4 Hz, 1H), 6.91 — 6.89 (m,
2H), 4.58 (d, J = 1.9 Hz, 2H), 4.30 (g, J = 7.1 Hz, 2H), 3.01 — 2.84 (m, 2H), 2.67 — 2.62
(m, 1H), 1.73 — 1.61 (m, 1H), 1.34 (t, J = 7.1 Hz, 3H), 0.92 (t, J = 7.5 Hz, 3H); 1*C NMR
(125 MHz, CDCls) § 205.1, 164.0 (t, J = 32.6 Hz), 157.6, 129.7, 121.9, 117.1 (t, J = 253.3
Hz), 114.5, 72.7, 63.0, 38.9 (t, J = 21.5 Hz), 36.7, 21.3, 13.9, 11.3; °F NMR (470 MHz,
CDCl3) 5 -107.9 (dd, J = 255.7, 13.7 Hz), -112.4 (dd, J = 255.6, 16.3 Hz); IR (cm%) (neat):
v =1760, 1755, 1599, 1496, 1240, 1064; MS (ESI): m/z 337.3 [M+Na]".
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Et (0] (e}
O (0]
OEt
F Et

15.8 mg, 53% yield, colorless oil as a 2.4/1 mixture (determined by *H and **F NMR); *H
NMR (500 MHz, CDCls) § 7.58 — 7.05 (m, 5H), 4.32 — 4.28 (m, 2H), 3.82 (s, 0.58H), 3.75
(s, 1.22H), 3.11 — 2.40 (m, 3H), 2.18 — 1.47 (m, 2H), 1.37 — 1.33 (m, 3H), 1.02 - 0.79 (m,
3H); 3C NMR (125 MHz, CDCl3) § 209.2, 205.5, 164.2 (t, J = 27.7 Hz), 164.10 (t, J =
32.4 Hz), 133.9, 133.7, 129.8, 129.6, 128.9, 128.7, 127.3, 127.1, 117.3 (t, J = 250.6 Hz),
115.3 (t, J = 250.6 Hz) , 63.2, 63.0, 50.4, 49.8, 45.3, 39.5 (t, J = 23.6 Hz), 35.2 (t, J = 23.1
Hz), 25.6, 21.3, 14.0, 11.3, 11.2; 2°F NMR (470 MHz, CDCl3) & -104.56 (t, J = 17.6 Hz), -
108.09 (dd, J = 254.9, 14.0 Hz), -112.19 (dd, J = 254.9, 16.4 Hz): IR (cm'Y) (neat): v =
1765, 1711, 1308, 1191, 1095, 1068; MS (ESI): m/z 321.3 [M+Na]".

Ph O ¢}
o) o)
H OEt
H OEt =
F Ph

20.2 mg, 38% vyield, colorless oil as a 5/1 mixture (determined by *H and **F NMR); *H
NMR (500 MHz, CDCl3) 8 9.74 (s, 0.15 H), 9.55 (s, 0.73H), 7.43 — 7.16 (m, 5H), 4.36 —
4.13 (M, 2H), 3.33 — 2.44 (m, 5H), 1.34 (t, J = 7.1 Hz, 3H); *C NMR (125 MHz, CDCl5)
6201.5,198.9, 163.7 (t, J = 32.8 Hz), 137.2, 129.4, 129.2, 129.0, 128.8, 127.2, 116.5(t, J
= 253.3 Hz), 63.3, 46.9, 41.4, 39.5 (t, J = 21.9 Hz), 35.7, 34.1, 14.0; *°F NMR (470 MHz,
CDCls) & -103.8 (dd, J = 19.3, 15.0 Hz), -104.0 (dd, J = 19.7, 15.5 Hz), -107.8 (dd, J =
257.9, 11.8 Hz), -113.69 (dd, J = 257.9, 17.5 Hz); IR (cm!) (neat): v = 1760, 1754, 1600,
1496, 1240, 1064; MS (ESI): m/z 293.3 [M+Na]".
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Neoarae

26.1 mg, 80% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.99 — 7.88 (m, 2H), 6.97
-6.86 (m, 2H), 3.86 (s, 3H), 3.77 - 3.62 (m, 8H), 3.24 - 3.18 (m, 2H), 2.66 — 2.58 (M, 2H);
13C NMR (125 MHz, CDCl3) § 196.2, 163.7, 161.9 (t, J = 29.5 Hz), 130.5, 129.7, 119.5 (t,
J = 253.9 Hz), 113.9, 66.9, 66.8, 55.6, 46.7, 43.4, 31.1, 29.6 (t, J = 23.7 Hz); °F NMR
(470 MHz, CDCl3) § -98.9 (t, J = 17.5 Hz); IR (cm™) (neat): v = 1665, 1600, 1258, 1711,
1116, 1027; MS (ESI): m/z 350.4 [M+Na]".

(0] O
N
om0
MeO
28.8 mg, 88% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.98 — 7.90 (m, 2H), 6.95
—-6.86 (m, 2H), 3.85 (s, 3H), 3.67 — 3.50 (m, 4H), 3.25-3.14 (m, 2H), 2.60 — 2.58 (m, 2H),
1.70 — 1.51 (m, 6H); 3C NMR (125 MHz, CDCl3) & 196.5, 163.7, 161.6 (t, J = 29.0 Hz),
130.5, 129.7, 119.7 (t, J = 254.1 Hz), 113.8, 55.6, 47.0, 44.5, 31.3, 29.9 (t, J = 23.9 Hz),

26.6, 25.7, 24.6; °F NMR (470 MHz, CDCls) § -98.9 (t, J = 17.4 Hz); IR (cm) (neat): v
= 1659, 1600, 1257, 1170, 1121, 1028; MS (ESI): m/z 348.4 [M+Na]".
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(0] O

N

39.4 mg, 92% yield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.98 — 7.88 (m, 2H), 6.95
—-6.88 (m, 2H), 3.85 (s, 3H), 3.73 - 3.56 (m, 4H), 3.48 — 3.46 (m, 4H), 3.24 - 3.16 (m, 2H),
2.67 —2.53 (m, 2H), 1.46 (s, 9H); 3C NMR (125 MHz, CDCls3) § 196.2, 163.7, 161.9 (t, J
=29.4 Hz), 154.5, 130.4, 129.6, 119.5 (t, J = 254.0 Hz), 113.9, 80.5, 55.6, 45.8, 43.0, 31.1,
29.6 (t, J = 23.6 Hz), 28.4; F NMR (470 MHz, CDCls3) § -98.7 (t, J = 17.0 Hz); IR (cm™)
(neat): v = 1670, 1601, 1418, 1258, 1237, 1169; MS (ESI): m/z 449.4 [M+Na]".

(0] O
ISR
MeO
P
OMe

25.0 mg, 51% vyield, yellow oil; *H NMR (500 MHz, CDCls, rotamer) & 8.00 — 7.89 (m,
2H), 7.37 - 6.94 (m, 9H), 6.72 — 6.69 (m, 1H), 6.54 (d, J = 2.6 Hz, 0.6H), 6.40 (d, J = 2.6
Hz, 0.34 H), 4.61 — 3.62 (m, 10H), 3.37 — 2.39 (m, 7H); 3C NMR (125 MHz, CDCls,
rotamer) 6 198.8, 196.3, 196.2, 163.7, 163.2 (t, J = 29.9 Hz), 163.0 (t, J = 29.9 Hz), 158.8,
158.6, 142.4, 142.1, 141.6, 131.4, 131.3, 130.5, 130.2, 130.0, 129.7, 129.6, 129.0, 128.7,
128.3, 128.1, 127.1, 126.8, 119.7 (t, J = 253.6 Hz) 119.5 (t, J = 253.6 Hz), 116.8, 116.5,
113.8, 111.9, 111.7, 55.60, 55.2, 55.1, 52.4, 51.3, 50.5, 49.7, 48.1, 47.2, 38.2, 34.4, 33.2,
31.2, 30.0 (t, J = 23.6 Hz), 29.9 (t, J = 23.4 Hz), 24.4; °F NMR (470 MHz, CDCls) § -
97.54 (dt, J = 273.7, 14.8 Hz). F NMR (470 MHz, CDCls, rotamer) & -98.4 (dt, J = 37.2,
16.7 Hz); -98.5 (t, J = 16.9 Hz), -98.64 (t, J = 18.1 Hz), -98.59 (dt, J = 36.2, 17.5 Hz); IR
(cm™) (neat): v = 1663, 1600, 1420, 1258, 1169, 1030; MS (ESI): m/z 516.4 [M+Na]".
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(0] (0]
N
F
MeO

32.8 mg, 91% yield, white solid; *H NMR (500 MHz, CDCls) § 8.24 (d, J = 8.1 Hz, 1H),
8.00 (d, J = 8.8 Hz, 2H), 7.28 — 7.24 (m, 2H), 7.13 (t, J = 7.4 Hz, 1H), 6.96 (d, J = 8.9 Hz,
2H), 4.38 (t, J = 8.2 Hz, 2H), 3.89 (s, 3H), 3.31 - 3.21 (m, 4H), 2.78 — 2.68 (m, 2H); 13C
NMR (125 MHz, CDCls) 6 196.3, 163.7, 161.2 (t, J = 30.2 Hz), 142.7, 131.8, 130.5, 129.7,
127.6,125.2,124.8, 119.4 (t, J = 254.3 Hz), 118.0, 113.9, 55.6, 48.0, 31.2, 29.2 (t, J = 23.8
Hz), 28.8; F NMR (470 MHz, CDCl3) § -102.6 (t, J = 17.4 Hz); IR (cm™) (neat): v = 1671,
1600,1482, 1419, 1259, 1170; MS (ESI): m/z 382.4 [M+Na]".

0] o

jonsss
N

F Ph
MeO

21.5 mg, 62% yield, colorless oil; tH NMR (500 MHz, CDCls) § 7.94 (d, J = 8.5 Hz, 2H),
7.45 - 7.28 (m, 3H), 7.33 - 7.27 (m, 2H), 6.94 (d, J = 8.8 Hz, 2H), 3.88 (s, 3H), 3.34 (s,
3H), 3.16 —3.07 (m, 2H), 2.58 — 2.49 (m, 2H); *C NMR (125 MHz, CDCls) § 196.3, 163.7,
163.3 (t, J = 28.3 Hz), 142.4, 130.4, 129.7, 129.3, 128.4, 127.6, 118.9 (t, J = 254.8 Hz),
113.9, 55.6, 40.1, 30.1 (t, J = 23.8 Hz), 29.9; F NMR (470 MHz, CDCls3) & -96.7 (t, J =
17.0 Hz); IR (cm™®) (neat): v = 1673, 1599, 1259, 1281, 1171, 1028; MS (ESI): m/z 370.3
[M+Na]".
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(0] O

_Et
N
Mét
MeO

25.1 mg, 80% yield, colorless oil; 'H NMR (500 MHz, CDCls) & 7.99 — 7.88 (m, 2H), 6.95
—6.86 (m, 2H), 3.86 (s, 3H), 3.53 (g, J = 7.0 Hz, 2H), 3.39 (g, J = 7.1 Hz, 2H), 3.25 - 3.16
(m, 2H), 2.67 — 2.53 (m, 2H), 1.21 (t, J = 7.0 Hz, 3H), 1.16 (t, J = 7.1 Hz, 3H): *C NMR
(125 MHz, CDCl3) & 196.5, 163.7, 162.6 (t, J = 29.1 Hz), 130.5, 129.7, 119.6 (t, J = 254.2
Hz), 113.9, 55.6, 42.0, 41.50 (s), 31.3, 29.9 (t, J = 24.1 Hz), 14.4, 12.5; 9F NMR (470
MHz, CDCls) § -99.6 (t, J = 17.5 Hz); IR (cml) (neat): v = 1663, 1600,1260, 1171, 1047,
1030; MS (ESI): m/z 336.3 [M+Na]".

(0] O
iPr
NE
M tpr
MeO

25.5 mg, 75% vyield, colorless oil; *H NMR (500 MHz, CDCls3) § 7.99 — 7.90 (m, 2H), 6.97
—6.84 (m, 2H), 4.50 — 4.45 (m, 1H), 3.87 (d, J = 16.5 Hz, 3H), 3.51 — 3.45 (m, 1H), 3.25
—3.14 (m, 2H), 2.67 — 2.46 (m, 2H), 1.41 (d, J = 6.8 Hz, 6H), 1.21 (d, J = 6.6 Hz, 6H); 13C
NMR (125 MHz, CDCl3) 6 196.6, 163.6, 162.0 (t, J = 28.0 Hz), 130.5, 129.8, 119.9 (t, J =
255.2 Hz), 113.8,55.6, 48.5 (t, J = 7.1 Hz), 47.0, 31.4, 29.9 (t, J = 24.1 Hz), 20.7, 20.0; *°F
NMR (470 MHz, CDCl3) § -99.6 (t, J = 17.6 Hz); IR (cm™) (neat): v = 1656, 1600, 1311,
1260, 1170, 1022; MS (ESI): m/z 364.4 [M+Na]".
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N
F
MeO

25.7 mg (‘Pra2NH was used as base), 83% yield, colorless oil; *tH NMR (500 MHz, CDCls)
5 7.96 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H), 3.70 (t, J = 6.7 Hz, 2H),
3.52 (t, J = 7.0 Hz, 2H), 3.21 (t, J = 7.5 Hz, 2H), 2.64 — 2.54 (m, 2H), 1.99 — 1.83 (m, 4H):
13C NMR (125 MHz, CDCls) § 196.5, 163.7, 162.1 (t, J = 30.0 Hz), 130.5, 129.75, 119.0
(t, J =252.5 Hz), 113.9, 55.6, 47.5, 46.7 (t, J = 5.8 Hz), 31.2, 29.2 (t, J = 23.9 Hz), 26.6,
23.4; F NMR (470 MHz, CDCls) § -102.9 (t, J = 17.3 Hz); IR (cm™) (neat): v = 1659,
1600, 1451, 1315, 1259, 1171; MS (ESI): m/z 334.3 [M+Na]".

(0] O
Jopriae
MeO

25.8 mg, 53% vyield, colorless oil; *H NMR (500 MHz, CDCl3) § 7.99 — 7.91 (m, 2H), 6.98
—-6.88 (m, 2H), 4.44 (t, J = 7.8 Hz, 2H), 4.12 (t, J = 7.9 Hz, 2H), 3.86 (s, 3H), 3.21 - 3.12
(m, 2H), 2.57 — 2.47 (m, 2H), 2.39 — 2.33 (m, 2H); 3C NMR (125 MHz, CDCls) § 196.2,
163.7,163.0 (t, J=30.2 Hz), 130.5, 129.6, 118.90 (t, J = 251.5 Hz), 113.9, 55.6, 52.5, 49.0,
30.8,29.1 (t, J = 23.8 Hz), 16.5; °F NMR (470 MHz, CDCls3) § -103.7 (t, J = 17.4 Hz); IR
(cm™) (neat): v = 1672, 1600, 1313, 1260, 1220, 1172; MS (ESI): m/z 320.3 [M+Na]".
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o) o
OEt
Pz
OEt
F
MeO

11.3 mg (Li*OBu was used as base), 32% yield, yellow oil; *H NMR (500 MHz, CDCls) §
8.05 - 7.90 (m, 2H), 6.99 — 6.88 (m, 2H), 4.36 — 4.25 (m, 4H), 3.87 (s, 3H), 3.30 — 3.22
(m, 2H), 2.64 — 2.46 (m, 2H), 1.39 (t, J = 7.1 Hz, 6H); 3C NMR (125 MHz, CDCls) &
196.1, 163.8, 130.5, 129.7, 113.9, 64.7, 64.6, 55.6, 30.0, 28.8, 28.7, 28.5, 16.6, 16.5; °F
NMR (470 MHz, CDCls3) § -111.74 (dt, J = 108.2, 19.8 Hz); 3P NMR (203 MHz, CDCls)
5 6.87 (t,J =108.2 Hz); IR (cm™) (neat): v=1679, 1601, 1260, 1172, 1022, 977; MS (ESI):
m/z 373.2 [M+Na]".

O

MeO

27.8 mg, 73% yield, white solid; *H NMR (500 MHz, CDCl3) & 8.05 — 7.85 (m, 2H), 6.99
- 6.88 (m, 2H), 3.88 (s, 3H), 3.36 — 3.16 (m, 2H), 2.64 — 2.54 (m, 2H); C NMR (125
MHz, CDCIl3) § 195.0 164.0, 130.5, 129.4, 114.1, 55.6, 29.2, 25.7 (t, J = 21.7 Hz); °F
NMR (470 MHz, CDCls) & -81.1 (t, J = 9.6 Hz), -114.4 (br s), -125.4 (br s), -126.0 (dd, J
=12.8, 8.9 Hz); IR (cm™) (neat): v = 1677, 1601, 1217, 1187, 1134, 980; MS (ESI): m/z
405.1 [M+Na]".
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O

CsF1y
F
MeO

31.3 mg, 65% yield, white solid; *H NMR (500 MHz, CDClz) § 7.96 (d, J = 7.6 Hz, 2H),
6.95 (d, J = 7.6 Hz, 2H), 3.88 (s, 3H), 3.30 — 3.15 (m, 2H), 2.64 — 2.53 (m, 2H); 13C NMR
(125 MHz, CDCls) 6 195.0, 164.0, 130.5, 129.4, 114.1, 55.6, 29.2, 25.8 (t, J = 21.8 Hz);
F NMR (470 MHz, CDCl3) & -80.87 (t, J = 9.7 Hz), -114.2(br s), -121.9 (br s), -122.9 (br
s), -123.5 (br s), -126.2 (br s); IR (cm™) (neat): v = 1674, 1606, 1221, 1234, 1189, 1141;
MS (ESI): m/z 505.2 [M+Na]".

Synthetic transformations of ethyl 2,2-difluoro-5-(4-methoxyphenyl)-5-oxopentanoate:

N
7 i NHNH, HCl O 7 O e
2 HOAc "pr E
OEt + — F
= N 110 °C
MeO Pr

To a stirred solution of the difluoroester (28.6 mg, 0.10 mmol) in acetic acid (1.0 mL), (4-
propylphenyl) hydrazine hydrochloride (37.2 mg, 0.20 mmol) was added in one portion.
The reaction mixture was then heated at 100 °C for 18 h. After it was quenched with a
saturated aqueous solution of sodium bicarbonate, the aqueous layer was extracted with
ethyl acetate (3 x 10 mL). The combined organic layer was dried over sodium sulfate and
concentrated in vacuo. The crude residue was purified by flash column chromatography on
silica gel to afford product 19 (37.5mg, 94%) as a yellow solid.

IH NMR (500 MHz, CDCl3) § 8.10 (s, 1H), 7.58 — 7.41 (m, 3H), 7.28 (d, J = 8.1 Hz, 1H),
7.09 - 7.02 (m, 3H), 4.17 (g, J = 7.1 Hz, 2H), 3.89 (d, J = 7.3 Hz, 3H), 3.64 (t, J = 17.0 Hz,
2H), 2.79 - 2.67 (m, 2H), 1.83 — 1.66 (m, 2H), 1.22 (t, J = 7.2 Hz, 3H), 1.02 (t, J = 7.3 Hz,
3H); *C NMR (125 MHz, CDCls) §164.7 (t, J = 32.7 Hz), 159.7, 137.9, 134.6, 134.1,
129.8, 129.5, 125.1, 123.5, 118.8, 115.9 (t, J = 251.8 Hz), 114.4, 110.5, 101.2, 62.9, 55.5,
38.5, 30.90 (t, J = 24.9 Hz), 25.6, 14.1, 13.9; 9F NMR (470 MHz, CDCls) § -103.2 (t, J =
16.9 Hz); IR (cm™) (neat): v = 3400, 1759, 1508, 1286, 1250, 1180, 1075, 1028; MS (ESI):
m/z 424.3 [M+Na]".
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o) o) F

NH,OAc, MeOH, NaBH,CN, 70 °C HN F
OEt
F
MeO

MeO

To astirred solution of the difluoroester (28.6 mg, 0.1 mmol) in methanol (1.0 mL) at room
temperature were added solid ammonium acetate (77 mg, 1.0 mmol) and sodium
cyanoborohydride (6.2 mg, 0.1 mmol) under argon. Until most of starting material was
consumed (monitored by thin layer chromatography), the reaction mixture was quenched
with aq NaHCOs. The aqueous layer was extracted with ethyl acetate (3x10 mL). The
combined organic layer was dried over sodium sulfate and concentrated in vacuo. The
crude residue was purified by flash column chromatography on silica gel to afford product
20 (21.8 mg, 90%) as a white solid.

IH NMR (500 MHz, CDCls) § 7.23 — 7.18 (m, 2H), 6.97 — 6.79 (m, 2H), 6.39 (br s, 1H),
4.67 — 4.52 (m, 1H), 3.80 (s, 3H), 2.46 — 2.36 (M, 1H), 2.29 — 2.15 (m, 2H), 2.07 — 1.96
(m, 1H); 13C NMR (125 MHz, CDCl3) 8 163.1 (t, J = 30.2 Hz), 159.8, 132.3, 127.4, 112.4
(t, J=243.1 Hz), 57.1, 55.5, 30.8 (t, J = 22.8 Hz), 29.1, 29.01; 1°F NMR (470 MHz, CDCls)
§-100.3 (td, J = 283.6, 8.8 Hz), -105.2 (td, J = 283.4, 8.5 Hz); IR (cm™) (neat): v = 3205,
1724, 1680, 1255, 1201, 1175, 1156, 991; MS (ESI): m/z 264.3 [M+Na]".
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F

fe) o) O F
NaBH,, MeOH, rt
F
MeO MeO

To astirred solution of the difluoroester (28.6 mg, 0.1 mmol) in methanol (1.0 mL) at room

temperature were added NaBHa (7.5 mg, 0.2 mmol) under argon. Until most of starting
material was consumed (monitored by thin layer chromatography), the reaction mixture
was quenched with water. The aqueous layer was extracted with ethyl acetate (3 x 10 mL).
The combined organic layer was dried over sodium sulfate and concentrated in vacuo. The
crude residue was purified by flash column chromatography on silica gel to afford product
20 (19.3 mg, 87%) as colorless oil.

IH NMR (500 MHz, CDCls) § 7.33 — 7.28 (m, 2H), 6.92 — 6.87 (m, 2H), 4.38 (dd, J = 9.6,
3.1 Hz, 1H), 4.08 (ddt, J = 12.3, 9.6, 2.7 Hz, 1H), 3.81 (s, 3H), 3.72 — 3.63 (m, 1H), 2.39 —
2.24 (m, 1H), 2.14 — 1.95 (m, 3H); 3C NMR (125 MHz, CDCls) § 159.4, 132.9, 127.4,
118.1 (t, J = 244.3 Hz), 114.0, 78.9, 70.3 (dd, J = 34.2, 28.5 Hz), 55.4, 32.64 — 31.66 (m),
30.7, 30.6; 9F NMR (470 MHz, CDCl3) § -106.6, -107.1, -107.4(m), -107.9(m); IR (cm?)
(neat): v = 1613, 1516, 1253, 1114, 1099, 961; MS (ESI): m/z 229.3 [M+H]".

(0] (0] (@]

Pd/C, H,, MeOH, 1t
OEt OEt
F F
MeO MeO

To astirred solution of the difluoroester (28.6 mg, 0.1 mmol) in methanol (1.0 mL) at room

temperature were added 10 % Pd/C (5.7 mg) under Hz (1 atma). Until most of starting
material was consumed (monitored by thin layer chromatography), the Pd/C was removed,
and the organic layer was concentrated in vacuo. The crude residue was purified by flash

column chromatography on silica gel to afford product 20 (21.8 mg, 80%) as colorless oil.

IH NMR (500 MHz, CDCl3) § 7.09 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 4.31 (q,
J=7.1Hz, 2H), 3.79 (s, 3H), 2.62 (t, J = 7.6 Hz, 2H), 2.13 — 1.99 (m, 2H), 1.81 — 1.75 (m,
2H), 1.34 (t, J = 7.1 Hz, 3H); 3C NMR (125 MHz, CDCl3) § 164.4 (t, J = 33.0 Hz), 158.1,
133.1, 129.4, 116.44 (t, J = 250.1 Hz), 114.0, 62.9, 55.4, 34.3, 34.0 (t, J = 23.2 Hz), 23.4,
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14.1; F NMR (470 MHz, CDCl3) & -105.8 (t, J = 16.8 Hz); IR (cm™) (neat): v = 1765,
1514, 1247, 1180, 1092, 1036; MS (ESI): m/z 295.4 [M+Na]*
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CHAPTER 5. CYCLOPROPANOL CROSS-COUPLING
REACTIONS WITH BROMINATED SUBSTITUENTS

5.1 Introduction

As the previous chapter outlined, cyclopropanols are valuable starting materials in
that they easily undergo ring opening reactions and provide useful reactive intermediates.
These materials can be synthesized in one step from methyl or ethyl esters via the
Kulinkovich reaction or from alkenes via the Simmons-Smith reaction. Many groups have
used their versatility in the syntheses of complex natural products as well as medicinal
targets. Regardless of the reagent or catalyst used in initiating the ring-opening reaction,
the reactive intermediate formed has been observed to either be a metallo-homoenolate or
a p-alkyl radical intermediate, both of which allow for functionalization of the B-carbon.
Unfortunately, competing reaction pathways often result in the en-one byproduct which
complicates the use of these reactions. This byproduct was drastically reduced with the
switch from palladium to copper catalysts as copper is less prone to the B-hydride reduction
pathway.

With the synthesis of mono- and di-fluorinated products as well as the methylated
products as described in Chapter 4, we sought to expand the versatility of this reaction.
Since the copper catalysts showed poor results with the chiral ligands, the first aim of our
studies was to explore the use of nickel catalysts with the reaction conditions as multiple
groups have seen great success with nickel catalysts bearing chiral ligands. An alternative
route was also proposed which involved a light-promoted copper catalyzed reaction
scheme.

In addition to expanding the role of the catalyst in these reactions, other brominated
agents were investigated for their versatility in this type of reaction. Favorable results were
seen with cyanobromides, fluoro-ethyl-bromo ketones, and, most intriguingly, dimethyl
bromo esters. The latter was of great interest because the product of such a reaction would
be a ketone with a B-substituted quaternary carbon. Due to the extreme steric bulk of
quaternary carbons, they remain a challenging task to synthesize in complex natural

products.
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5.2 Results and Discussion

Efforts began toward the use of a nickel catalyst in hopes that it would be more
amenable to use of chiral ligands and thus, production of a chiral product. The initial
reaction was run under argon with NiCl2(DME) which was pre-stirred with bipyridine
(Bipy) then added to a solution of phenethylcyclopropanol, the previously used methyl-
bromo-ester, and potassium carbonate in acetonitrile (Scheme 5.1). This reaction produced
the desired product in a scant 5% yield. With proof of concept in hand, reaction
optimization was conducted utilizing the p-methoxyphenyl cyclopropanol due to its
visibility on TLC.

2 OH o . O O
Br NiCly(DME), Bipy, K.CO3, MeCN,
OEt R OEt
Me 80 ¢, 16 hours Me

SM: 1 eq, ester: 2 eq, Ni: 5 mol%, Ljgand: 5 mol%, base: 2 eq, solvent: 0.1 M

Scheme 5.1 Scheme showing initial reaction conditions with a nickel catalyst.

Since previous reactions had seen drastic improvements with a change of base, this
was the first parameter explored. When the catalyst loading was increased to 0.5
equivalents and potassium carbonate was employed as the base, the yield rose to 13% but
no other significant increases in yield were observed (Table 5.1).



120

Table 5.1 Table showing the bases employed in optimization of the nickel catalyzed

reaction.
Entry Ni Catalyst | Ligand Base Solvent Yield
1 NiCl(DME) | Bipy K2COs MeCN 10%
2 NiCl2(DME) @ Bipy KOtBu MeCN No reaction
3 NiCl2(DME) @ Bipy LiOtBu MeCN No reaction
4 NiCl(DME) | Bipy TMP MeCN 7%
5 NiCl2(DME) @ Bipy Pyridine MeCN No reaction
6 NiCl(DME) | Bipy DIPA MeCN 5%
7 NiCl.(DME) | Bipy DIPEA MeCN 6%
8 NiCl2(DME) | Bipy K3POq4 MeCN 8%
9 NiCl2(DME) | Bipy Cs2C0s3 MeCN 10%

As the changes in base showed no appreciable optimization, the temperature of the

reaction was raised to 100 °C. This condition was initially avoided due to high temperatures

typically resulting in poor enantioselectivity with chiral catalysts. However, in this case it

was seen to be beneficial as the yield rose to 43%. Further optimization was attempted with

various nickel catalysts and ligands, however none of the yields produced were over 50%.

When the three available chiral ligands were used in combination with the best observed

conditions the yields dropped back below 10% and this route was abandoned.

Since the alkylation reaction from chapter four gave excellent results, the idea to

expand the scope of the reaction to form a quaternary carbon was proposed. In efforts to

lower the temperature of the reaction, the idea of light promoted catalysis was explored.

Scheme 5.2 shows the proposed reaction and Table 5.2 shows the initial test results.
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Scheme 5.2 Scheme showing quaternary carbon optimization with light-induced copper
catalyzed conditions.

Table 5.2 Table showing preliminary attempts at light-induced copper-catalyzed
quaternary carbon formation reaction.

Entry Catalyst Ligand Light Temp (°C) | Yield
Source

1 CuCl Phen CFL bulb 42 51%

2 CuCl Phen None 30 Recovered
Starting
Material

3 CuCl Phen None 45 4%

4 CuCl Phen CFL bulb 30 21%

5 CuCl BiPy CFL bulb 30 42%

6 CuCl 6,6’- CFL bulb 30 Recovered

Me2BiPy Starting

Material

7 [Cu(OTH]2Ph | Phen CFL bulb 30 <5%

8 CuBr Phen CFL bulb 30 54%

9 CuCN Phen CFL bulb 30 <5%

10 Cu(MeCN)4«B | Phen CFL bulb 30 53%

Fa
11 Cu(MeCN)4+PF | Phen CFL bulb 30 55%
6
12 CuCl Bipy None (foil) | 45 36%
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Unfortunately, although over a hundred attempts were made, conditions which
produced the desired product in a yield over 60% were never realized. The reaction did
show tolerance to a variety of cyclopropanols and a small library of compounds was

synthesized prior to the project being abandoned.

Figure 5.1 Example of reactions stirring in the engineered photo-reactor.

5.3 Experimental

General Methods: NMR spectra were recorded on Bruker spectrometers (*H at 500
MHz and 3C at 125 MHz). Chemical shifts (§) were given in ppm with reference to solvent
signals [*H NMR: CDCls (7.26); *C NMR: CDCls (77.2)]. Column chromatography was

performed on silica gel obtained from silicycle. All reactions sensitive to air or moisture
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were conducted under argon atmosphere in dry and freshly distilled solvents under
anhydrous conditions, unless otherwise noted. Anhydrous THF and toluene were distilled
over sodium benzophenone ketyl radical under argon. Anhydrous CH2Cl2 was distilled
over calcium hydride under argon. All other solvents and reagents were used as obtained

from commercial sources without further purification.

Under argon atmosphere, a mixture of cyclopropanol (0.2 mmol), a-bromoester (0.8
mmol), CuCl (2.0 mg, 0.02 mmol), Phenanthroline (7.2 mg, 0.04 mmol), and ‘Pr.NH (56
pL, 0.4 mmol) in 2 mL of acetonitrile was stirred at 80 °C for 16 hours. The reaction was
quenched with aqueous NH4Cl and extracted thrice with DCM (20 mL). The combined
organic extract was washed with brine, dried over anhydrous MgSOs, filtered, and
concentrated under vacuum. The residue was purified via column chromatography with

silica gel to give the desired product.

@) )

OEt
M e
F

52% yield, colorless oil; *H NMR (500 MHz, CDCI3) § 8.08 — 7.88 (m, 2H), 7.13 — 7.09
(m, 2H), 3.67 (s, 3H), 3.00 — 2.81 (m, 2H), 2.10 — 1.90 (m, 2H), 1.23 (s, 6H); *C NMR
(125 MHz, CDCls) & 198.2, 178.0, 165.8 (d, J = 254.6 Hz), 133.4, 130.8 (d, J = 9.2 Hz),
115.8 (d, J =21.8 Hz), 52.0, 41.9, 34.7, 34.5, 25.4

@) O

OEt
M e
MeO

68% yield, colorless oil; 1 H NMR (500 MHz, CDCI13) & 7.92 (d, J = 8.7 Hz, 2H), 6.91 (d,
J =8.7 Hz, 2H), 3.85 (s, 3H), 3.67 (s, 3H), 2.88 — 2.84 (m, 2H), 2.02 — 1.90 (m, 2H), 1.23
(s, 6H); 13C NMR (125 MHz, CDCIl3) 6 198.4, 178.1, 163.5, 130.4, 130.0, 113.8, 55.5,
51.9,41.9,35.0,34.2,25.4
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0] O

OEt
M e

58% yield, colorless oil; 1 H NMR (500 MHz, CDCI3) 6 7.37 —7.20 (m, 5H), 3.70 (s, 2H),
3.63 (s, 3H), 2.48 — 2.38 (m, 2H), 1.82 — 1.79 (m, 2H), 1.15 (s, 6H); 13C NMR (125 MHz,
CDCI3) 6 207.8, 177.9, 134.3, 129.5, 128.8, 127.1, 51.9, 50.2, 41.7, 37.9, 34.0, 25.2

@] @]

OEt
M e

60% yield, colorless oil; 1 HNMR (500 MHz, CDCI3) 6 7.44 — 6.93 (m, 5H), 3.64 (s, 3H),
2.88 (t,J=7.6 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 2.45 - 2.22 (m, 2H), 1.81 - 1.77 (m, 2H),
1.15 (s, 6H); 13C NMR (125 MHz, CDCI3) 6 209.5, 177.9, 141.1, 128.6, 128.4, 126.2,
51.9,44.4,41.7,38.8, 34.0, 29.9, 25.2

O O
TBSO

OEt
M e
40% yield, colorless oil; 1 H NMR (500 MHz, CDCI3) § 3.64 (s, 3H), 3.59 (t, J = 6.3 Hz,
2H), 2.43 — 2.40 (m, 2H), 2.38 — 2.31 (m, 2H), 1.85 — 1.76 (m, 2H), 1.63 — 1.46 (m, 4H),
1.17 (s, 6H), 0.88 (s, 9H), 0.03 (s, 6H); 13C NMR (125 MHz, CDCI3)  210.5, 178.0, 62.9,

51.9,42.7,41.7,38.5, 34.1, 32.4, 26.1, 25.3, 22.0, 20.5, 18.5, -5.2

4
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O @)

z 5 OEt
M e

34% yield, colorless oil; 1 H NMR (500 MHz, CDCI3) & 5.83 —5.75 (m, 1H), 5.00 — 4.84
(m, 2H), 3.65 (s, 3H), 2.43 — 2.28 (m, 4H), 2.05 - 1.99 (m, 2H), 1.83 - 1.76 (m, 2H), 1.57
— 1.51 (m, 2H), 1.37 = 1.31 (m, 2H), 1.29 — 1.23 (m, 9H), 1.16 (s, 6H); 13C NMR (125
MHz, CDCI3) 6 210.8, S17 178.0, 139.3, 114.3, 51.9, 43.0, 41.7, 38.6, 34.1, 33.9, 29.5,
29.4,29.3,29.2,29.0, 25.3, 24.0

F OH O 0]

OEt
M e

47% yield, colorless oil; 1 HNMR (500 MHz, CDCI13) 6 7.31 — 7.26 (m, 1H), 7.15 - 7.06
(m, 2H), 6.99 - 6.88 (m, 1H), 5.13 (dd, J = 8.6, 3.7 Hz, 1H), 3.64 (s, 3H), 3.46 (s, 1H), 2.87
—2.72 (m, 2H), 2.46 — 2.36 (m, 2H), 1.87 — 1.76 (m, 2H), 1.16 (s, 6H); 13C NMR (125
MHz, CDCI3) 6 210.4, 177.9, 163.1 (d, J = 246.0 Hz), 145.6 (d, J = 6.9 Hz), 130.2(d, ] =
8.1 Hz), 121.3,114.5 (d, J = 21.2 Hz), 112.8 (d, J = 22.0 Hz), 69.4, 52.0, 51.1, 41.6, 39.6,
33.7,25.7,25.2

O @)

OEt
M e

38% yield, colorless oil; 1 HNMR (500 MHz, CDCI3) 6 3.65 (s, 3H), 2.45 - 2.27 (m, 3H),
1.85-1.71 (m, 6H), 1.66 — 1.64 (m, 1H), 1.37 — 1.21 (m, 5H), 1.16 (s, 6H); 13C NMR
(125 MHz, CDCI3) ¢ 213.6, 178.1, 51.9, 51.1, 41.8, 36.4, 34.0, 28.7, 25.9, 25.8, 25.324.6
mg, 51% yield, colorless oil; 1 HNMR (500 MHz, CDCI3) 6 3.65 (s, 3H), 2.45 — 2.27 (m,
3H),1.85-1.71 (m, 6H), 1.66 — 1.64 (m, 1H), 1.37 - 1.21 (m, 5H), 1.16 (s, 6H); 13C NMR
(125 MHz, CDCI3) 6 213.6, 178.1, 51.9, 51.1, 41.8, 36.4, 34.0, 28.7, 25.9, 25.8, 25.3
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1 Introduction

The piperazine scaffold has been classified as a privi-
leged structural motif in drug discovery and continues to
have an increasing appearance in lifesaving drug mole-
cules. Recent statistical substructure analysis has shown
that piperazine is the third most commonly used N-hetero-
cycle (ranked right behind piperidine and pyridine) in
small-molecule pharmaceuticals. Several piperazine-con-
taining drugs are within the top 100 best-selling pharma-
ceutical products (Figure 1)

Most of the piperazine-containing small-molecule
drugs only have substitutions on either both nitrogen at-
oms or on a single ntrogen atom and piperazine 15 mainky
used as a linker to connect two portions of a drug or as an
appendage o tune the drug’s physicochemical properties.
Piperazine, with its two opposing nitrogen atoms embed-
ded in a six-membered ring, provides a large polar surface
area, relative structural rigidity, and additional hydrogen-
hond acceptors and donors, which often lead to enhanced
target affinity and specificity and improved water solubili-
ty, oral boavailability, and ADME {absorption, distribution,
metabolism, and excretion) properties® For the few car-
bon-substituted piperazine drugs, the substituents are pri-
marily a methyl group, a carboxylate dervative, or an aryl
group. Despite the importance of the piperazine structure
in therapeutic development, there is a significant lack of
carbon substitution diversity on the piperazine ring. The
increasing needs of new drugs to combat challenging hu-
man diseases require increased structural diversity of pip-
erazines. However, the lack of efficient synthetic methods,
particularly those that provide high regio-, stereo- and en-
antinselectivity for synthesizing carbon-substituted pipera-
zines, represents one of the major hurdles in unleashing the
full therapeutic potential of piperazines# The most
straightforwarnd way to introduce varous substitutions on
the carbon atoms is via direct C-H functionalization of the
piperazine ring, which has shown to be extremely challeng-
ing despite the recent progresses in a-C-H functionaliza-
tion of amines including piperidines and pyrrolidines. We
have already summarized direct C-H functionalization of
piperazines.” therefore the methods development in this
area will not be covered in this review. Herein, we focus on
recent advancements in new methods development for de
novo construction of the piperazing ring as opposed to
functionalization of the existing rings. These new develop-
ments have been loosely catezorized in the following sections.
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2 Reduction of (Di)ketoplperazine

One of the most commonly used methods o synthesize
piperazines is the reduction of the corresponding (dijketo-
piperazines, which are generally synthesized from the
amino acid chiral pool (for diketopiperazine), 1,2-diamines
(ketopiperazing) and other readily available starting mate-
rials These syntheses, while reliable, suffer from lengthy
synthetic steps. The carbon substitutions on the piperazine
ring are also limited to the availability of the amino acids or
12-diamines. Therefore, it is important to develop new
(di)ketopiperazine synthesis methods to introduce import-
ant substituents which are not readily available from the
current amino acid or 1,2-diamine pool. A few such meth-
ods are highlighted here.

As shown in Scheme 1, Fustero and co-workers devel-
oped a diasterenselective synthesis of trifluoromethyl-sub-
stituted piperazines.” Instead of using commercially avail-
ahle fluorinated building blocks, the triflusromethyl group
was introduced via a diastereoselective nucleophilic addi-
tion of the Ruppert—Prakash reagent (TMSCF;) to Ellman’s
N-{ tert-butanesulfinyljimines.* After a sequence of tert-bu-
tanesulfinyl group removal, ketopiperazine formation, re-
duction and deprotection, both cis- and trans-2-phenyl-3-
(trifluoromethyljpiperazines were produced in enantio-
pure form, which can serve as important building hlocks for
the development of new therapeutics.
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Scheme 1 Diasterensalactive synthesis of trifluoremethyl-substituted
piperatines

The Stoltz group reported, in 2015, an elegant enantio-
selective method for the synthesis of ketopiperazines with
various carbon substitutions. In continuation of their re-
search in the construction of a-tetrasubstituted carbonyl
compounds,'® they have developed a highly enantioselec-
tive palladium-catalyzed decarbmoylative allylic alkylation
of a variety of N-protected piperazin-2-ones," which can
then be converted into the corresponding piperazines via
further reductive transformations (Scheme 2). This new
synthetic capability utilizes 5 molE of [Pd,(pmdba);| cata-
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Iyst in combination with 12.5 mol® of an electron-deficient
PHOX ligand such as (5 CF; ,-tBuPHOX. It has a broad sub-
strate scope and products were obtained in high yield and
high enantinselectivity. The resulting allyl group can be
used as a convenient handle to introduce other substituents
and functional groups to further improve the substitution
diversity on the carbon atom.

e

CFy

(FHEF gy BuPHON
A bt syt LT
L‘-""'FF R tohsane, 4070 I\_\_'_.N qﬁ.“
L'
)kLr'xf' /@)L J\i/hﬁ- B, -\-\\p"EZ ,kr:fﬁ
“Bn
EO% (91% a5 B (B4% oq]

sw-tmw:. m[smr.m

i =y “'-ﬂt“?f =205

T o5, A = TT% D oa, A = P B3% A =Fh
|m:n=nei'n] mlm: n:cl]:'mm:.-ﬁ:m!:. s

Scheme 2 The Stoltz enantioselactive synthesis of piperagin-2-ones

In 2015, Krasavin and co-workers applied the Castagnoli-
Cushman reaction®® with glutaric anhydride analogues to
synthesize piperazine and other heterocycles (Scheme 3.
A variety of ketopiperazine products could be obtained in
high vield and trans-stereoselectivity by utilizing different
imine coupling partners.

3 N-Alkylation

Alkyvlation of amines is another commonly used method
to synthesize piperazines.™ In 2012, Lindsley and OReilly
combined an organocatalytic enantioselective chlorination
of aldehydes™ with a sequential inter- and intramolecular
alkylation (Procedure A) or reductive amination and intra-
molecular alkvlation (Procedure B) to synthesize carbon-
functionalized piperazines (Scheme 4% While it is a five-
step (Procedure A) or three-step sequence {Procedure B),
the overall vield is synthetically useful and the substituted
piperazing products are produced in good to high enantio-
selectivity.
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Another notable development for the synthesis of pip-
erazines via an alkylation of 1,2-diamine derivatives came
from the Agzarwal group.” They designed a sequence of
conjugate addition to vinyl sulfonium salts followed by in-
tramolecular ring clozure (Scheme 5). The use of vinyl sul-
fonium salts as the two-carbon unit avoids some of the
problems in using 1,2-dihalogen electrophiles, which are
generally poor in terms of reactivity. The latter also suffer
from competing elimination processes under basic reaction
conditions. The commercially available diphenyl vinyl sul-
fonium salt can be readily synthesized as well via a hase-
promoted elimination of the corresponding bromoethylsul-
fonium salt. It reacts with both free and sulfonamide-
protected 1,2-diamines under very mild reaction condi-
tions with triethylamine as base and at 0 °C to room tem-
perature. 1,2-Amino alcohols can be used as nudeophile as
well to produce substituted morpholines. Later, the
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Agzarwal group discovered that the bromoethylsulfonium
salt could be an effective annulation agent for the synthesis
of six- and seven-membered 1.4-heterocydic compounds
including piperazines via an in situ generation of the re-
quired vinyl sulfonium salts.'®
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Scheme 5 Annulation with vinyl sulfonium salts

The annulation method with vinyl sulfonium salts was
later expanded to synthesize enantiopure trans-3-arylpip-
erazine-2-carboeylic acid derivatives by Chin, Kim, and co-
workers (Scheme 6)." In this case, they developed an ele-
gant synthesis of the enantiomencally pure 12-diamine
derivatives via a diaza-Cope rearrangement of a diimine in-
termediate derived from seguential imine formation be-
tween an aryl aldehyde and trens-cinnamaldehyde with
(R R)(5,5)-1,2-biz(2-hydroxyphenyl}-1,2-diaminoethane
(HPEN).
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Scheme & Annulation with vinyl sulfonium salts for the synthesis of

To further increase the carbon-substitution diversity of
the piperazine product, Agzarwal and co-workers disoov-
ered that a-phenyivinyl sulfonium salt could be used as an
electrophile to react with 1.2- or 1_3-diamines/1,2- or 13-
amino alcohols to synthesize carbon-substituted pipera-
zines, azepines, morpholines, and oxazepines (Scheme 7)2°
When unsymmetrical 1,2-diamine derivatives were used,
the less sterically hindered sulfonamide underwent nucleo-
philic addition to the a-phenylvinyl sulfonium salt first and
the reginselectivity is generally high.
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In 2011, Bagnoli and co-workers reported a similar an-
nulation process with vinyl selenones as electrophiles
(Scheme &) The desired piperazines were produced in
good to excellent yield with either sodium hydride or 18-
diazabicydo| 5.4.0)undec-7-ene (DB} as base.
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Scheme 8 Annulation with vinyl selenones

Couty and co-workers published a synthesis of fused
tri- and tetrazole piperazines by treating the chlorination
products of N-cvanomethyl B-amino alcohols with sodium
aride under thermal conditions (Scheme 9.2 In the case of
secondary benzylic chlorides, a single isomer was formed.
However, in the case of primary alkyl chlorides, two iso-
mers were formed in a nearly 1:1 ratio. The drop in selec-
tivity is presumahbly due to the formation of an azinidinium
intermediate, which can then be opened by sodium azide to
prowide a mixture of two alkyl azides for the subsequent
cycloaddition reactions. It was also discovered that the re-
action was not limited to N-cyanomethyl B-amino aloohols.
Fused piperazine-triazole products can be formed with
propargylic amine substrates, Much better reaction yields
were ohtained for terminal alkyne substrates than the in-
ternal alkyne substrates,
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Scheme 9 A-Alkylation followed by [3+2] cycoadition

4 Transition-Metal-Catalyzed|Medlated
Piperazine Synthesis

Recently, =everal interesting transition-metal-cata-
Iyzed/mediated piperazine syntheses have been developed.
The commaonly used transition metals include copper, pal-
ladium, gold, ruthenium, iridium, and zirconium. In com-
parizon to the traditional {dijketopiperazine and alkylation
approaches, the transition-metal-catalyzed piperazing syn-
theses provide new reaction modes, new retrosynthetic
analyses in planning, and new avenues to access various
substitution patterns in the products.

4.1 The SnAP and SLAP Methods

The Bode group has developed a series of stannyl amine
protocol (SnAP) reagents for the synthesis of a variety of N-
heterocycles. ™ A significant amount of the SnAP reagents
are now commercially available or can be synthesized via
an alkylation with tributyl{iodomethyl)stannane. In the
presence of 1.0 equivalent of CufOTT),, the SnAP reagents
react with a variety of aldehydes via a sequence of conden-
sation, radical formation, and cydization to provide a wide
range of N-heterocycles including piperazines (Scheme
10).2* Later, a set of catalytic conditions with 10 mol¥ of
Cu(OTT), was developed as well® In addition to aldehydes,
the reaction was further expanded to ketone substrates, in-
cluding cyclic ketones to synthesize poly-carbon-substitut-
ed piperazines and spirocyclic piperazines.® These disoov-
eries represent a breakthrough in N-heterocydle synthesis,
particularly carbon-substituted piperazing synthesis, due
to the existence of a large amount of readily available alde-
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hydes and ketones. Because of the radical cyclization na-
ture, developing an enantioselective version is difficult and
haz not been reported so far, but is worthy of attempt.
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Direct condensations of acydlic ketones with the SnAP
reagents are sometimes problematic. Bode and co-workers
overcame this challenge by using azido SnAP reagents
(Scheme 11} to access the required ketimine via a Stauding-
er-aza-Wittig reaction with a polymer-bound phosphine
reducing reagent® When 22 2-trifluoromethyl ketones
were used, several trifluoromethyl-substituted piperazines
were synthesized in modest vield.
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Scheme 11 Azido SnAP reagent for piperazine synthess

138

One major drawback for the SnAP process is the use and
prisduction of toxic tin reagents, To solve this problem, a se-
ries of silicon amine protocol (SLAF) reagents were devel-
oped by the Bode group to provide a tin-free alternative
(Scheme 1277 Under photocatalvtic conditions (blue light
with Ir{{ppy }dtbbpy|PF; as catalyst), a wide range of alde-
hydes including aromatic, heteroaromatic, and aliphatic al-
dehydes could couple with the SLAP reagents. When ke-
tones were used, the reaction vields dropped significantly.
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Scheme 12 SLAP reagents for piperazne synthesis
4.2 Palladium-Catalyzed Cydlization

In 2007, the Wolfe group described a piperazine synthe-
sis via a palladivm-catalyzed carboamination reaction
which closes the heterocyclic ring and functionalizes the
terminal alkene carbon in one step (Scheme 13).7 The ste-
reochemical outcome is presumably determined by the fa-
vored six-membered-ring transition state in which the ter-
minal olefin is psewdo-equatorial and the bulky aryl N-sub-
stituent is rotated to avoid A,; interaction and allow for
pseudo-equatorial positioning of the B! group. Generally
the products were formed in good to high yields with high
diasterenselectivity and a vaniety of aryl halides can be used
to introduce structural diversity.

Following this work, Michael and Cochran published a
palladium-catalyzed intramolecular hydroamination that
yielded trans-2 G-disubstituted piperazines (Scheme 14)*
Although this methodology provided high yields and excel-
lent diasterenselectivity, this route is limited to terminal
olefins and produces only a methyl group at the C6 position.
Interestingly, analysiz of the crystal structure of this type of
piperazing showed that they prefer the twist-boat confor-
mation to the traditional chair, presumably to avoid A 5
strain. The trans stereochemical outcome is explained by
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the transition state shown in Scheme 14. During the anti-
aminopalladation process, the terminal olefin orients pseudao-
equatorially while the K group takes the pseudo-axial posi-
tion to avoid A, interaction with the carbamate group.
Eventually, trans-2 6-disubstituted piperazinges are pro-
duced, which complements the cis-sterenchemical outcome
of Wolfe's work.
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In 2012, Stahl and Lu reported a base-free palladium-
catalyzed oxidative amination with oocyveen as the oxidant
to synthesize six-membered N-heterocycles including mor-
pholines, piperazinones, pipendines, and piperazines
(Scheme 1513 While poor vields were ohserved under 1 at-
mosphere of oxygen, under 4.1 atmospheres the reaction
proceeded with good to excellent vield. Since the use of
high oxygen pressure with organic solvents is a potential
safety hazard, the authors provided a solution for this by di-
lutmg oxygen with an inert gas. In principle, either an allyl-
it C-H amination™ or an aminopalladation process could
prowide the same N-heterocycle product. Investigation of
the mechanism with the homaoallyl ether vielded the seven-
membered ring as the major product, thus suggesting the
aminopalladation pathway is preferred over the allylic C-H
activation process.
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Scheme 15 Aerobic and base-free axddative amination for piperazine
synthesis

Recently, the Rawal group produced a novel palladium-
catalyzed method of constructing highly substituted piper-
arines and related N-heterocycles from 1.2-diamine deniva-
tives and Boc-protected propargyl alcohols under mild con-
ditions (Scheme 16).= This process could be viewed as a
formal |4+2]-diamination process to couple two of the car-
hons of the propargyl unit with the 1,2-diamine dervative.
In general, good to excellent vields and regioselectivities
were obtained. Mechanistically, the reaction is proposed to
go through a Pd{ll}-m-allyl species (shown in brackets)
which is derived from nucleophilic attack of the sulfon-
amide nitrogen to the middle carbon of a cationic palladi-
um allene species generated from the Boc-protected prop-
argyl alcohol.

Expansion of this work to include aryl amide and sul-
fonamide groups progressed nicely and a library of complex
piperazinones were constructed with good to nearly quan-
titative yields as shown in Scheme 1777 Reaction times
ranged from 30 minutes to 28 hours and it was noted that
electron-deficient arvl amides reacted faster than the corre-
sponding electron-rich equivalents. Finally, the easily re-
maovable nosyl sulfonamides were synthesized with vields
similar to those of the tosyl analogues, but the reactions re-
quired more time to reach completion.
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Scheme 17 Rawal's synthesis of substituted ketopiperazines

4.3 Gold-Catalyzed Cydization

While palladium continues to be the transition metal of
choice for many reactions, its drawbacks (including the fi-
hydride elimination pathway) cannot be ignored. Alterna-
tively, several groups have explored gold-catalyzed cycliza-
ton strategies to synthesize piperazines. In 2013, Melson
and co-workers described a gold-catalyzed cyclization of
propargylic sulfonamides derived from ring opening of cy-
clic sulfamidates to provide tetrahydropyrazines {Scheme
18, A).® Further reduction of the tetrahydropyrazine prod-
ucts with the treatment of trifluoroacetic acid and triethyl-
silane vielded piperazines in good vields. After removal of
the Boc- or Che-protecting group, a Ugi-type multicompao-
nent reaction of the resultant tetrahydropyrazines with tri-
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fluoroacetic acid and substituted isonitriles afforded differ-
entially protected piperazines and introduced another car-
hoxamide group at the a-position.

In the caze that the kinetic ketone product is formed
preferentially over the thermodynamic cyclization under
the gold-catalyzed reaction conditions {Scheme 18, B), the
resulting ketone product could undergo a reductive amina-
tion cyclization with the treatment of trifluoroacetic acid
and triethylsilane to provide the desired piperazing in high
yield and diasterenselectivity.
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Scheme 18 Gold-catalyzed piperazine synthesis developed by Nelsan

Following Nelson's work, Huang and co-workers report-
ed their synthesis of tetrahydropyrazines utilizing similar
gold-catalyzed cyclization of propargylic sulfonamides
(Scheme 193 Most of the reactions were completed at 40
C and required a lower catalyst loading than in Nelson's
protocols. Deuterium labeling experiments suggested a re-
action pathway in which the product is formed through a 6-
exo-dig cyclization where the nucleophilic nitrogen attacks
the internal carbon of the triple bond activated by the gold
catalyst.

4.4 Other Metal-Catalyzed [Mediated Cydization

Several transition metals other than palladium and gold
have been utilized to synthesize piperazines as well. The
Schafer group has used a special titanium-amidate catalyst
developed in their group to catalyze a regioselective intra-
molecular hydroamination to produce a tetrahydropyrazine
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Scheme 19 Cold-catalyzed intramalecular cpdization as described by
Husang

which was then reduced to piperazine utilizing the Noyori
asymmetric hydrogenation® in #0% yield and 70% ee
(Scheme 20, A} The requisite aminoalkyne starting mate-
rials can be tedious to synthesize and often require multiple
steps. The Schafer group has also shown that a zirconium-
ureate catalyst developed in their laboratory is able to prio-
mote intramolecular hydroamination of alkenes.™ They
then developed a novel protocol toward 2 5-substituted
piperazines by taking advantage of the unigque hydroamina-
tion reactivity of their titanium-amidate catalyst and zirco-
nium-ureate catalyst. The last step of this protocol is to
convert substituted diaminoalkene substrates into 2,5-sub-
stituted piperazines using their zirconium-ureate catalyst
(Scheme 20, B). The substituted diaminoalkene substrates
were synthesized via the titanium-amidate-catalyzed re-
ginselective intermolecular hydroamination and a sequence
of a modified Strecker reaction, alkylation and reduction.
This new approach is very effective for the synthesis of N-
henzvl-substituted piperazines and the overall yields are
good with high stereoselectivity. When the method was
used to access N-benzhydrvl-substituted piperazines, a mo-
tif commonly used in medicinal chemistry, it proved to be
much less effective and the desired products were produced
in only 20-30% yields. This new approach uses commercial-
Iy availahle starting materials. Due to the ready availability
of a large number of allyl bromides and alkynes, it has the
potential to provide new avenues to access substituted pip-
erazines that are otherwise difficult to prepare.

An attractive but challenging strategy toward pipera-
zines would be the direct [4+2] cyclization of an olefin and
a 1,2-diamine or its dervative. Paul and co-workers report-
ed a mercury-mediated oxidative diamination of olefins
(Scheme 2113 Both terminal and internal olefins are effec-
tive substrates and a variety of piperazines could be pro-
duced in good to excellent yield. The proposed mechanism
involves an intermolecular aminomercuration to form a fi-
aminomercury(ll) tetrafluoroborate complex which then
undergoes an intramolecular cydization after attack by the
second amino group to vield the desired piperazine. Obvi-
ously, the major drawhack of this method is the use of more
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than a stoichiometric amount of highly toxic mercuric ox-
ide. Only symmetrical bis-methylated or benzylated eth-
yleng diamines have been explored so far.
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Scheme 21 Mercuric cdde mediated cydization of 1,2-diamines with

4.5 Borrowing Hydrogen Strategy

Amines and alcohols are common and readily available
starting materials. Direct substitution of an alcohol by an
amine* is an alternative and attractive alkvlation approach
to substituted amines. In principle, this redox-neutral ap-
proach could avoid the use of oxidants and reducing re-
agents and the only byproduct from the reaction would be
water, therefore rendering this approach to be highly envi-
ronmentally friendly. This type of reaction has been termed
‘borrowing hydrogen'. The approach has been widely stud-
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ied from an academic perspective® and it has been applied
in the pharmaceutical industry:#' The first application of
‘borrowing hydrogen’ for piperazine synthesis appeared in
1985, Watanabe and co-workers published a pioneering ru-
thenium-catalyzed reaction to convert 1,5-diols and prima-
ry amines into N-alkylated or N-arylated piperazines
(Scheme 2214 As opposed to the reductive amination ap-
proach which requires unstable aldehydes and stoichiomet-
ric reducing reagent, this process uses inexpensive and
readily available alcohols and only a catalytic amount of ru-
thenium catalyst.

E; ey i |
1 dioxans, 120°C E j
" i

Bl 3% (FF = Ph, 7Y = Ma, &)
5% (FF = Fh, &1 = E1, &)
447 (FF = Fh, R = Ph, 4]
10% [FF = octyl, A" = M, B)
Scheme 22 Ruthenium-catalyzed “horrowing hydrogen” synthesis of
piperarines

In 2007, Madsen and co-workers utilized the “borrowing
hydrogen’ concept and developed an iridium-catalyzed syn-
thesis of piperazines (Scheme 2312 Under their catalytic
conditions at elevated reaction temperatures, various 1.2-
diamines and 1,2-diols underwent cycdocondensation to
yield substituted piperazings in good to excellent vield and
high stereoselectivity. Both toluene and water can be used
as solvent. Use of benzylamine with twio equivalents of eth-
ylene glycol works as well (eq. 1). Impressively, two differ-
ent 1,2-diols could be incorporated into one piperazinge to
prowide unsymmetrical product (eq. 21

4.6 Imine Reductive Cycization

Intramolecular reductive coupling of 1,2-diimines is an
efficient method to synthesize 2 3-substituted piperazines.
The cydization precursor can be prepared readily from con-
denszation of a 1,2-diamine and two aldehydes. Sigman and
Mercer described a manganese and Brensted acid promoted
reductive cyclization of diimines which vielded trans-2,3-
(hetern)jaryl-substituted piperazines in moderate to high
yields (Scheme 24)# Unfortunately, the reaction was not
productive when applied to non-aromatic diimines. The
reasoning for the trans-substitution of the products lies in
the proposed six-membered transition state when the di-
radical intermediate cyclizes to piperazing. In the transition
state, the aryl substituents are oriented trans to each other
in equatorial sites.
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Similarly to Sigman's work, the Periasamy group report-
ed a zinc and titanium promoted reductive cyclization that
was also limited to aryl substitutions as seen in Scheme
254 Periasamy also described a procedure to yield the de-
sired piperazing product in 99% ee after chiral resolutions
using tartaric and oxalic acids.

5 Reduction of Pyrazines

Pyrazings are common nitrogen heteroaromatics and
can be accessed or modified readily. Direct reduction of
pyrazines via hydrogenation or hydride reaction is un-
doubtedly an efficient and convenient way to synthesize
piperazines. Significant progress has been made in this
area, but the enantioselective reduction of pyrazines is still
challenging* and only a few examples have been reported.
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During their synthesis of the HIV protease inhibitor in-
dinavir, which contains a piperazing 2-carboxamide, a
group of Merck scientists led by Rossen reported a sequen-
tial reduction of a 2-tert-butyl amide substituted pyrazine
to provide the piperazine core in high enantioselectivity”
Controlled partial hydrogenation of the 2-tert-butyl pyra-
zine amide followed by nitrogen protections gave the N-
Boc- and N-Che-protected tetrahydropyrazine for an asym-
metric hydrogenation. With a (E)-BINAP-Eh complex as
catalyst and under high pressure (70 bar), the desired pip-
erazine was furnished in 96% yield with 99% ee, and was
then subjected to hydrogenolytic removal of the Che group
and crystallization to vield the mono-protected piperazine
in 96% yield and with 99% ee (Scheme 26).
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Scheme 26 Asymmetric hydrogenation for the synthesis of indinavir
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Advances on this protocol were later made by Rossen
and co-workers using a unigue cationic PhanePhos-Rh
complex (5cheme 271.% The previously described BINAP-
Rh catalyst system, while effective for the tetrahydropyra-
zine bearing bulky tert-butvl amide, gave only 56% ee and
B8 yield when applied to tetrahydropyrazines bearing es-
ter substitutions. The products of the latter are desirable for
the synthesis of other HIV protease inhibitors such as indi-
navir. The new PhanePhos—-Rh complex gave the desired 2-
ester-substituted piperazine product with 100% conversion
in 86% ee at significantly lower pressure | 1.5 bar) and tem-
perature (—40°C).
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In 1999, Ito and Kuwano described an asymmetric re-
duction of 2-amide-substituted tetrahydropyrazines with
the (KRHS5-TRAP-Eh complex (Scheme 2814 The con-
version and enantioselectivity of the reaction are quite sen-
sitive to the substituents on the two nitrogen atoms in the
si-membered ring, with conversions ranging from 16 to
85% and enantiomeric excess values ranging from 51 to
96%.
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Scheme 28 Asymmetric hydrogenation with the (R EH 5. SFTRAP-Rh
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In 19497, Fuchs reported a direct asymmetric hydrogena-
tion of pyrazinecarboxylic ackd derivatives to piperazines
without izolating the tetrahydropyrazine intermediates and
masking the two nitrogen atoms (Scheme 29150 Using a
JosiPhos-Rh complex, good yield and enantioselectivity
could be obtained with a bulky carboxylate derivative at the
2-position. This method offers nitrogen-unprotected piper-
azine products directly, thereby avoiding protecting group
manipulations, but the enantioselectivity needs to be im-
prioved,

The challenge for direct enantioselective hydrogenation
of pyrazine lies in its high aromaticity and the presence of
twio strong coordinative nitrogen atoms which may inter-
fere with the transition-metal catalyst of choice. The result-
ing nitrogen-unprotected piperazine product may also de-
activate the catalyst used due to its two secondary amines.
Recently, Zhow and co-workers developed an elezant solu-
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tion for these issues by using alkyl halides to activate the
pyrazine via the formation of pyrazinium =alt and weaken
the coordinating ability of the nitrogens in the starting ma-
terial and product (5cheme 300" They have reported a set
of reaction conditions using chiral iridium-bidentate phos-
phine complexes to reduce a variety of benzyl pyrazinium
salts to piperazines with different carbon substitution pat-
terns. In general, the vields and enantinselectivities are ex-
cellent and many functional groups are tolerated. This
strategy provides mono-N-protected products, allowing for
further modification to be made without selective depro-
tection or differentiation of two free nitrogens. The benzvl
group can be removed easily by a simple catalytic hydroge-
nation. This method was used to synthesize vestipitant
(Figure 1), a selective NK1 receptor antagonist with poten-
tial application as an antiemetic and anxolytic drug, in an
overall yield of 47%. 1t was also applied to a formal synthesis
of (5)-mirtazapine (Figure 1) with the potential to treat in-
somnia and climacteric symptoms. Mechanistically, this
catalytic process is proposed to go through sequential
iridium-catalyzed hydrde reductions initiated with a 1.4-
hydride addition. The resultant 1,4-dihydropyrazine inter-
mediate then tautomerizes to an iminium salt, which upon
Ir-H reduction delivers a tetrahydropyrazine with the in-
troduction of the chiral center. The chiral tetrahydropyra-
zine is then further reduced to the desired piperazing.

Fagnou and Ledlerc reported a combination of palladi-
um-catalyzed C-H arylation of pyrazine N-oxides and Pt0-
catalyzed hydrogenation to synthesize piperazines [5cheme
31352 The palladium-catalyzed C-H functionalization of
pyrazine N-oxides enables rapid introduction of various
aryl groups at the C2-position, but the Pto0-catalyzed hy-
drogenation gave racemic piperazing products.

Pyrazine derivatives can also be reduced by stoichio-
metric hydride sources. In 1965, Lyle and Thomas described
the reduction of N-benzylpyrazinium salts with sodium bo-
rohydride to afford the trans- and cis-substituted pipera-
zines ina 9:1 ratio (Scheme 32, eq. 127° This work was later
expanded by Homne and co-workers in their syntheses of
dragmacidins A, B, and C {Scheme 32, eq. 214
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Pyrazing N-oxides are activated pyrazine derivatives
and can react with nucleophiles like Grignard reagents.
Qlzson, Almgvist and co-workers published a regioselective
Grignard addition followed by sodium borohydride reduc-
tion and Boc protection to synthesize N-hydroxypipera-
zines in moderate to excellent yields (Scheme 330 The
presence of either electron-donating or electron-withdraw-
ing substituents on the aryl rings had little effect on the
overall yields. Application of heterocycles as well as alivl
substituents dropped the yields, and use of alkyl Grignard
reagents drastically decreased the vield. It was noted that
the final Boc protection step was unnecessary, but allowed
for easy handling of the final products.
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With the desire for an enantioselective synthesis,
Olsson and Almgvist explored the addition of (-)-sparteine
to the Grignard addition and discovered that the desired
prisduct was formed with good to high enantioselectivity,
but at drastically decreased vields (Scheme 340 By in-
creasing the reaction time and decreasing the equivalents
of Grignard reagent coupled with (-)-sparteine, they were
ahle to increase the enantioselectivity, but at the cost of to-
tal yield. This promising asymmetric addition deserves fur-
ther investigation.
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Scheme 34 Asymmetric Grignand addition to pyrazine N-uxids
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In related studies, the hydropyrazine intermediates
formed during the reduction of pyrazines could be prepared
by other methods. Taylor and co-workers published a tan-
dem oxidative cyclization and reduction for the production
of piperazines (Scheme 35)9¢ The starting reagents were
simple a-hydroxy ketones and unprotected 1,2-diamines,
and the dihydropyrazine intermediates formed from the
oxidative condensation of the two substrates were then re-
duced to piperazine products with sodium borohydride in
good to excellent yvields. Motably, without the addition of
MaBH,, pyrazine products could be produced.
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Scheme 35 Owidation of a-tydroey kestones with 1,2-diamines fol-
lowed by redusction

CGonzilez and co-workers published a piperazine syn-
thesis using a sequence of nitroepoxide and 12-diamine
cyclocondensation followed by hydride reduction of the re-
sultant tetrahydropyrazine intermediates (Scheme 365
The nitroepoxides can be synthesized readily from ni-
troalkenes via nucleophilic expoxidation with basic hydro-
gen peroxide. This one-pot protocol gave substituted piper-
arines in moderate yield with slight preference for the cis
prisduct.
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& Miscellaneous

In 2012, Luisi and co-workers reported an interesting
Lewis acid catalyzed dimerization of aziridines to produce
2 5-disubstituted piperazines (Scheme 37)°% In the pres-
ence of 5 mol¥ magnesium bromide, non-activated N-alkyl
arylaziridines underwent ring-opening with another aziri-
dine followed by ring-closure to afford the desired pipera-
zines in good to excellent yield. Unfortunately, this formal
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|3+3] process lacked stereochemical control and 2 5-disub-
stituted piperazines were produced as a 1:1 diastereomeric
mixture. When enantio-enriched azinidines were used, the
enantio-enriched cis-isomer and meso (rans-is0mer Were
prioduced.
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Scheme 37 Dimerization of aziridines catalyzed by magnesium bro-
miide

Another example of dimerization to produce pipera-
zines came from the Mendoza group in 2005 (Scheme 38
Using trimethylaluminum coupled with white LED lamps,
and tetrahydrofuran as solvent, they were able to convert
azomethine ylides with aromatic substituents into pipera-
zines in high yields, high stereoselectivity, and on gram
scale. Remarkably, in addition to symmetrical imines, un-
symmetrical imines bearing imidazole and pyridine or pyr-
arine substituents underwent dimerization smoothly and
gave the piperazine products as single reginisomers. The re-
ginselectivity is very sensitive to the imine substituents and
is not vet understood. This process represents a nice exam-
ple of visible-light photochemistry of main-group organo-
metallics.
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Scheme 38 Photochemical dimerization of azomethine ylides
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In continuation of their work in phosphine catalysis, Lu
and Lu reported a phosphine-catalyzed tandem umpolung
addition and intramolecular conjugate addition to synthe-
size piperazines in high yield (Scheme 390.% This strategy
can be viewed as a formal [4+2] cycloaddition between pro-
tected 1,2-diamines and electron-deficient allenes or
alkynes. It only requires a catalytic amount of triphenyl-
phosphine as catalyst and offers a simple and highly atom-
economic method for constructing synthetically useful ni-
trogen heterocycles. This method is currently limited to
symmetrical 1,2-diamine derivatives,
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Scheme 39 [4+2]-Cydoaddition of 1,2-diamines with allenss and
alkoynes

The multicomponent Ugi reaction is very efficient for
building structural complexity and has been utilized to syn-
thesize piperazines and related compounds.® Rossen and
co-workers developed an efficient synthesis of piperazine-
2-carhboxamides by reacting a mixture of a carboxylic acid,
chloroacetaldehyde, an N-alkylethylenediamine, and an iso-

nitrile ( Scheme 40).5
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Scheme 40 The Lki multicompanent: reaction for piperazines

Unsymmetrical N-substituted piperazines are useful in
medicinal chemistry yet can be complicated to synthesize.
Through the use of a copper-catalyzed C-N bond formation,
Yavari and co-workers developed a facile synthesis from
readily available 14-diazabicyclo]2.2.2[octane (DABCD)S
As shown in Scheme 41 (A), the ring-opening cross-cou-
pling gave differentially N-substituted piperazines in high
yields. Another DABCO functionalization method was de-
scribed in 2015 by Xie and co-workers (Scheme 41, B1™ A
library of over fifty piperazines was created from the reac-
tion of DABCD with an electron-deficient acetylene and an
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aryl acid. Both of these methods are limited to the produc-
tion of N-substituted piperazines due to the use of DABCD
as starting material.
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Scheme 41 Synthesis of differentially functionafzed piperazines from
DO

A conceptually new and facile synthesis of piperazines
and other nitrogen heterocycles was reported by the Carreira
group (Scheme 42).5% Their method utilizes an indium-cat-
alyzed ring expansion of 3-oxetanone-derived spirocycles,
which can be assembled by cyclization of 1.2-diamine de-
rivatives with 3-oxetanone. Under the Strecker reaction
conditions with trimethylsilyl cyanide and indiumg10) tri-
flate, the ring expansion process is speculated to procesd
with an opening of the imidazoline ring followed by cva-
nide addition to give an oxetane intermediate. The latter
then undergoes an intramolecular 6-exo-tet cyclization via
a transition state with the B? group occupying the equatori-
al position thus forcing the nitrile into the axial conforma-
tion. Cleavage of the weakened C-0 bond vields the final
prosduct in good to excellent yield and high stereoselectivi-
ty.
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Scheme 42 Raamangement of metanes to piperazines

7 Conclusion

In summary, a plethora of methods by which substitut-
ed piperazines are synthesized have been highlighted in
this review. The piperazine scaffold has become increasing-
Iy utilized in drug molecules and other bioactive molecules.
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Despite these progresses, efficient and facile methods to
quickly increase structural diversity as well as enantiose-
lective methods are still highly desirable.
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ABSTRACT: Novel and generad copper-catalyzed cplopropanel ring o Ry -
opening cros-coupling reactions with difluoroalky bromides, perfleorealkyl 7 " “"A_"f; !
iodides, monofluercalkyd bromides, and 2-bromo-2-alkylesters to synthesize  ow Cullesl Dlsmnt o Ry
variows fi-{ fluor Jalkybted ketones are reported. The reactions feature mild &7 « %70 qu,
conditions and excellent functional group compatibility and can be scaled up . L
to gram scale. Preliminary mechanistic studies suggest the involvement of B B9 g e . e GO
radical intermedistes The diffuomallyl—alkyl crosscoupling products cn "3 plofprriwia X

AR NRCR D e R Foor ikl

also be readily converted to more valuble and diverse pem-difl voro-

containing compounds by taking advantage of the carbonyl group resulting

from cyclopropancl ring opening.

ecently, significant progres has been made in the
evelopment of trnsition metal-catalyred cross-coupling
reactions of alkyl electrophiles and ally]l medeophiles, incheding
emanticselective varants. Most of the commonly wed alkyd
nucleophiles in these alkyl—alkyl crosscoupling processes are
alkyl Grignard reagents, ally] zinc resgents, and alky boron
rexgents” Some of these reagents suffer Fom poor functional
group compatibility, have to be generated in stu or right before
wie, and are not stable for Jong-term stomge Due to the
importance of alkyl-alky cross-couplings in medicnal
chemistry, natural product synthesis, and other related areas,
there is 2 great need to expand the scope of alkyl necleophies
Furthermore, due to the importance of fuorinated molecules in
medicinal chemistry and many other felds,” the demand for
efficient and reliable methods for their synthesis has increased
dramatically. Despite recent adhvances,” direct diffuoraloda tion
or menoflsoroalkyltion of ally] meceophiles has been limited*
in comparison to the introduction of sech groups on aromatic
aystems’ and unsturated systems such 2 olefing and alkynes®
Efficient methods for direct fluoroalkyl—alkyl cross-coupling
reactions are highly desimble. Becently, Liang and Fu reported
an elegant nickel-catalyred alkyl-alkyl cros-coupling of
fluorinated secondary electrophiles (see 1 — 2, Figure lf}.‘"
Cydopropanols are important and wseful functional growps
amd can be readily accessed via the Kuolinkovich reaction or the
Sdrrunm—ﬁ'u'rLiﬂtpu’uMJ]:.j-T}bey are bench stable amd can be
stored for 2 rebtively long time. Due to the intrinsic ring strain,
cpclopropancls are prone to rng opening reactions and are
often viewed 2 homoenolate equivalents. Therefore, cydo-
propanck could be important alkyl medeophiles in allyl—alkd
cross-coupling  reactions. Moreover, the resulling coupling
products would be equipped with 2 ketone Ranctional group,
which can be trandormed to a varety of products due to the
rch cabonyl chemistry. Currently, most of the trandtion-
metalcatalyzed cyclopropancl ring opening  cros-couplings
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A Mi-catalyzed alkyl-alkyl cross-couplings of Tarinaled secandary
leciroptules (Fu, et al )
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Figure L Selecied examples and this work

focus on palbdivmecatalyzed C—C bond formation,” which i
significantly limited by the prodivity of SH elimination
Copper, in comparson to palldiem, & more ai:!'l.l:'m.l.'l:rl‘!3
t}bﬂpﬂ'_, and les prome to FH elimination chemistry.
However, copper-promoted or copper-catabeed oydopropano]
ring opening cross-coupling reactions have been very rare.”
Recently, Cha and co-workers have developed eegant 5,2
alkyhtions of the Zn(l)/Cu(l}homoenclate derved from
treating cyclopropanols with more than steichiometric amount
of CuCN and 1 equiv of ZoBt, (see 3 — 4, Figure 1B)"™ and

Received: Ocwober 24 2015
Published: Dwecember 4, 2015

O 10102 orgl s 05098
Crg. Lk, 2015, 17, S0 748077



Organic Letters

150

applied this chemistry in total synthesis of ratural producte ™
We have deweloped copper-catalyzed cydopropanel ring
opening  dectrophiic cros-coupling reactions to synthesie
waripus [J-CFy, F5CFy and famino-substituted carbonyl
products” ink Herein, we report novel and unprecedented
copper-catalyred cycdlopropanc] ring opening alkyd—alky cross-
coupling reactions with diffvercalky bromides, perfluoroalkyl
iodides, monofluomallyl bromides, and 2-bromao-2-allylesters
as electrophiles (Figure 1C). In addition to the catabytic nature,
the selectivity of breaking the strained Wakh bond of
ursymmetrical cydopropanek & oppesite from the previoes
e, e presumably due to 2 rdical ring opening process.

Due to the importance and prevalence of diffuorcalkyl
groups in bicactive molecules,” we started our exploration with
2-bromo-2 2-diffsoroacetate (11, Figure 1) as the dectrophdic
coupling partner with cpdopropanck. After extensive reaction
condition optimizations (ses the Supporting Information ), we
discovered that (i) Cul i superior to CuCN, CuTe, and
Cu(MeCN)PF;, (i) 22 -bipyridine or 110-phenanthroline
ligand i@ critical, (iii) the reaction i very sensitive to sohvent
and MeCM i much better than other solvents such = THE,
PhMe, DMF, DCE, L4-dicxane, and DMSO, and (iv) 2 base is
necesmary to neutralire the acd generated in the reaction
system. Under the conditions of a catalytic amount of Cul/
1,10 pheranthroline in MeCN at B0 °C with K,CO, 2 base,
optimal yields of 22-diffuoro-1,5-dicarbory] producs™ (12)
could be obtained fom variows cpcdopropanocls and 11.

We then investigated the substrate scope in terms of both
cydopropanols and the electrophilic bromodiffvorcalkyl
coupling  partners (Figures 2—4). To owr stisbetion, the
reaction has broad substrate scope and tolerates a variety of
functional groups Both ary]l and alkd substiteted cydo-
propanck underwent the desired ring opening reactions with
11 to provide varows f-diffeorcalkybted ketone products in
good to excellent yield (Figure 2} Alkyl/ary] ether (122, 12¢,
12}, benzoate (12g), TBS-ether (12h), afunsatumted eter
(12§} and aldehyde {12k}, amide (121}, and epoxide (12m) are

o [+]

] Cul j01 aouivg
Rf(, “"';\J'I‘usu prenrivotna 12 s _ HJV‘){u‘nsu
WirCh BT KgCOy F F
Cl
122 EEPEE (X = OMa) 1k m
1 BTNk =F)

(Jﬁé

A S X = DPhy
Ady: 4% 0 = 0BT

o o
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120 778 F
A2h 2% i = GTES)

qu;iw

125 7% 0t = COMy
B 45 (% = CHO)

O*’rf

21 TN

g

12m 0%

Figure 2. Cydopropanol substraie scope. General reaction aynditions:
soltion of 3a (L] mmel), 11 (04 mmol), Col (001 mmol),
line ((L02 mmaol), and KO0, (0.2 mmol) were stirred in
MeCN (1 mL) at 80 “C for 10—12 h The reaction process was
manitored by thinlayer ciromatography. Isolated yield from flash
chromamgraphy was given. The b indiates gram scale.

well tolerated The reaction could ako be conducted at gram
scale (123, Figure 2).

We next explored wnsymmetrical cpcopropancl subst rtes
(3, Figere 3). In this scenario, one question was apparent to us
which Wakh bond, the les substituted bond “27 or the more
substituted bond b7, would be selectively broken for the cross-
coupling’ It has been shown that mdical promoted cyclo-
propane] ring opening tends to break bond “b” to provide the

more stable and more substitsted Falld radical™ and
formation of metallo-homoenolate Bvors breaking bond “2”
to generte les substituted metallo-homoenolte” * In our

case, the more sbstituted Wakh bond “b" was selectively
cleaved, and the diffworcalkybtion occumed 2t the more
substituted carbon, which indicates 2 mdical cydopropanc]
ring opening process. The selectivity is excellent for the cses of
ard substituted cpdopropanck and producs  13a—c were
produced 2 the dominant products While 13d was produced
in high selectiity (17/1), the selectivity dropped significantly
in the case of 13 (24/1). Additionally, aldehyde product 13f
could be obtained in good selectivity 2 well.

o R o
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w F
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Figure i Unsymmetrial grcdopropanol substrate sope Isolaed yisld
with 153/14 rabio in Fl\ﬂlﬂ'ﬂﬂ.

Other halodiffuorcalkyl dectrophiles ssch as 2-bromo-2,2-
diftuoroamides, [ bromodifuo romethy]fph osphonates, and per-
fluoroalky iodides work smoothly under the reacion
conditions (Figere 4). Morpholine- (16a), Boc-protected
piperazine- (16c), benzoarepane- (16d), indoline- | 16e), and
azitidine-derived (16} diffuoroamides can be produced in good
to excellent yield With (bromodiffuoromethy]fphosphonate a
electrophile, 2 strong base, LiQfBy, has to be wed and the
resction vield was rebtively low (16k, 32%). In the case of
pedlsoroalkybtion (161 and 16m), the coresponding alkyl
iodides were used and good yields were obtained

We then moved beyond diffuorcalky]l electrophiles and
explored the we of other ally] electrophiles (Figure 5). To owr
delight, simply switching the base from B, 00y to iPryNH and
wsing Cul or CurCl 2 catalyst, electrophiles such as 2-bromo-2-
allkyl acetates and 2-bromo-2-flooroscetates became  effective
coupling partners. We ako olserved some changes in
comparison to the difuoroalkybtion cses. Free alecohol (18]
and terminal olefin (18h), which are not compatible in the
previows cxmes, are well tolemted in the dightly modified
comditions. In general, good reaction yields could be obtained,
and a variety of functional groups induding bensoate (18e]),
primary TBS-ether (18f), epoxide (18g), and ary bromide
(18n) are compatible under the reaction conditions

One advantage of wing cydopropancls a5 mecelophilic alkyl
cross-coupling  partners & that the coupling producs are
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equipped with aketone finctional group. Duee to och chemistry
of the carbonyl group, the coupling products can be converted
to 2 diverse collection of prodects wsng standand carbony
transformations.  For example (Figure 6), Fisher indole
synthesis was wed to convert 12a to indole-containing biary]
product 19 in 4% yield™ Reductive amiration Blowed by
botam formation provided aa-diffvorclctam 20 in excellent
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Figure 6. Synthetic trandformations of 132

yiehl™® When NaBH, was wsed, 3,3-dilfuoro-6-aryhetrahydro-
pymn product 21 was obtained in 87% yield"” These scaffolds
are of great medicinal importance but are otherwise challenging
to access ™" The ketone carbomd group could be reduced to
a methylene group as well (12a — 22), which further expands
the potential wse of cpdopropanck 2 alkyl cros-coupling
pariners.

Mechanistically, both the convesion of 15 with a double
bond to 23 and the frmation of 24 when TEMPO was added
to the reaction of Jaa and 11 (Figure 7) suggest the formation
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Figure 7. Prdiminary mechanistic sidies.

of a radical at the a-carbon bearing the two fluorine atoms
presumable via a single electron transfer (SET) proces
between Cul and the bromides (150 or 11). The resdting
Cu(IT) salt would then oxidive cycopropanols via another SET
process to promote a radical cpdopropane rng deavage
evidenced by the we of unsymmetrcal cydopropanck to
generate a e stable fFally]l mdical for following cros-
coupling.

In summary, we have developed 2 novel umpohng strategy
for the synthess of f-(fleorojalkdated ketones via copper-
catalyzed cydopropancl fng opening Cgr—Cg cross-coupling
with variows alkyl halides including diffeorcalkyl bromides,
perflucroalkyl iodides, monoffvorcalkyl bromides, and 2-
bromoe-Z-alkylesters Many functional groups are tolerted
under the mild reaction conditions. The readion can alo be
scaled wp. In addition to its catalytic natwee, a2 different
cydopropane ring opening mode has been observed in
comparison to the previows cases. Preliminary mechanistic
stindies indicate the imvolvement of radical int ermediates. The
coupling products could be comverted to a diverse collection of
important compounds This chemistry demonstrates the
significant potential of cydopropancl and related systems
wseful mudeophiles in alkyl—alkyl crosscoupling reactions. We
are curmrently investigating the detailed reaction mechanisms 2
well 2 developing enantioselective versons of this type of
trams i rmation .
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