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ABSTRACT 
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Title: Organometallic Explorations in Catalysis and Synthesis 
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)3] 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 

[(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.  
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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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 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)3U(NDipp)3 (1-thf3) (Dipp = 2,6-

diisoproylphenyl)) and the other two supported by a redox-active ligand 

((MesPDIMe)U(NMes)3 (1-PDI-Mes) (MesPDIMe = 2,6-(2,4,6-Me3-C6H2-N=CMe)2C5H3N) 

(Mes = 2,4,6-trimethylphenyl), (MesPDIMe)U(NDipp)3 (1-PDI-Dipp)) (Figure 1.1).1,2 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.3–7  
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Figure 1.1 Structural representations of 1-PDI-Mes, 1-PDI-Dipp, and 1-thf3 
respectively. 

 

 

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

comprised predominantly of molecules displaying the UO22+ or UNR2L2 formalism with 



17 

the ligands existing in the trans- position.8 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.9 For the bis(imido) complexes, only complexes 

bearing the highly bulky and electron donating Cp* ligands, CpR2U(NR)2,10,11 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).12 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.13,14 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-thf3 are similar in that uranium 

tris(iodide) is mixed with a reducing reagent, then oxidized to uranium (VI) 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-thf3 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 π-donation from the 

third imido substituent has been shown to weaken the trans- bonding manifold such that 

preference for the trans- orientation is overcome.2,15  

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),3 group VI (Mo, W),4,16 

group VII (Re, Tc),5,6 and group VIII metals (Os).7 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 d2 Os(NDipp)3 and [Re(NDipp)3]- 

complexes, as occupation of the dz2 orbital forces adaptation of a trigonal planar geometry 

(Figure 1.2b).7 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-thf3 is also predictable, as it bears a bonding 

formulism similar to its transition metal analogs.  

 

 

 

Figure 1.2 Geometries for tris(imido) complexes. 

 

 

Due to the interesting structural differences between these two complexes, new 

coordination complexes of 1-thf3 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 MesPDIMe to 1-thf3, 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,17 we stated that the coordinated thf ligands of 1-thf3 are 

highly labile, with rapid dissociation/association occurring in solution, as was noted by 

highly broadened thf resonances in the 1H NMR spectrum (Scheme 1.1). In the presence 

of non-coordinating solvents (toluene/pentane), crystals of (thf)2U(NDipp)3 (1-thf2) 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 C3V 
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(trigonal bipyramidal) and C2v (square pyramidal) symmetric complex. The U=N bonds in 

1-thf2 are slightly shorter with respect to 1-thf3, with U-N bond distances ranging from 

1.966(2) to 1.995(2) Å. The N1-U1-N3 bond angle of 149.48º is slightly more obtuse than 

the other two, N1-U1-N2 = 101.46º and N2-U1-N3 = 108.98º, and, using geometric 

calculations developed by Muetterties and Guggenberger,18 the molecular structure is 

calculated to be closer to the C2V symmetric structure than the D3h 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) Å, are significantly 

truncated from the U-O distances seen in 1-thf3 (2.595 – 2.618 Å). The orientation of the 

imido substituents in 1-thf2 is very similar to the predicted gas phase structure of UO3, 

whose trans-oxo substituents deviate from the idealized T-shaped orientation (165 – 158º).  
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Scheme 1.1 Equilibrium between 1-thf3 and 1-thf2 in solution 
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Figure 1.3 Molecular structure of 1-thf2 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-thf3, attempts at analysis 

of these crystals by 1H NMR spectroscopy revealed no difference from parent complex, 

with only signals from the imido substituents being visible. This suggests that 1-thf3 and 

1-thf2 are in a rapid equilibrium with one another in solution, and that the solution phase 

structure depicted by 1H NMR spectroscopy is likely a superposition of 1-thf3 and 1-thf2, 

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 (MesPDIMe) 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-thf3 in both 

N1 

N2 

N3 
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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-thf3 and calculated bond metrics for both fac- and 
mer- isomers of 1–thf3. 

 

(thf)3U(NDipp)3 
 Expt. Calculated  

fac 
Calculated 

mer 

Bond Distance (Å) 

U1-N1 1.986(14) 2.006 1.955 

U1-N2 2.000(16) 2.008 2.010 

U1-N3 2.010(15) 2.009 1.995 

U1-O1 2.595(13) 2.699 2.534 

U1-O2 2.616(13) 2.698 2.831 

U1-O3 2.618(12) 2.696 2.532 

Bond Degree (˚) 

N1-UI-N2 99.7(5) 104.5 96.76 

N1-UI-N3 99.8(5) 103.0 166.59 

N2-UI-N3 101.6(5) 102.4 96.65 

N1-UI-O1 165.9(2) 159.4 87.61 

N2-UI-O2 162.2(5) 162.4 179.39 

N3-UI-O3 162.2(4) 161.3 87.56 
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The change in energy of the bond can be calculated by subtracting the interaction 

energy (ΔEint) from the total deformation energy (ΔEdef). 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-thf3 is significantly higher in energy than 

either 1-thf2 or fac 1-thf3 thus yielding explanation as to why it has yet to be detected.  

  

 

Figure 1.4 Energy diagram between possible conformers of thf supported U(NDipp)3. 

 

 

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-thf3 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)3(L)n. 

 

 

We began with the addition of three equivalents of 4-dimethylaminopyridine 

(DMAP) to a toluene solution of 1-thf3. Removal of the solvent in vacuo resulted in 

isolation of (dmap)3U(NDipp)3 (1-dmap3) in good yield (91%). Despite being synthesized 

from 1-thf3, analysis of crystals of 1-dmap3 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 168.33º, display bond distances of 2.005(5) and 1.974(4) Å, which are slightly truncated 

with respect to the equatorial U=N bond of 2.028(4) Å. The two trans U-Ndmap interactions 

show typical U-N dative distances, with bond distances of 2.555(6) and 2.573(4) Å. (ref) 

The U-Ndmap bond trans to the equatorial imido, however, is elongated by over 0.1 Å, with 

a bond distance of 2.698(5) Å. 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-dmap3 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-

dmap3 is nearly identical to that of 1-PDI-Dipp, despite the coordinative freedom of the 

DMAP ligands.  However, analysis of 1-dmap3 by 1H NMR spectroscopy does not agree 

with the solid-state structure (Figure 1.6). While the 1H 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 C2V symmetric molecule, the 1H NMR spectrum of 1-dmap3 looks nearly 

identical to 1-thf3, 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-CH3, 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-

thf3, 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)3 (1-dmap2) (Scheme 1.3) Unfortunately, attempts at isolation of 

crystals of 1-dmap2 by similar methods as was done for 1-thf2, only afforded crystals of 

1-dmap3 despite the use of only two equivalents of ligand.  

 

 

 

Figure 1.6 1H NMR spectrum of 1-dmap3 at room temperature in toluene-d8. 
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Figure 1.7 1H NMR spectrum in benzene-d6 at room temperature of DMAP ligands 
displacing thf ligands on uranium tris(imido). 
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Scheme 1.3 Equilibrium between 1-dmap3 and 1-dmap2 in solution. 

 

 

Since the molecular structure of 1-dmap3 was in stark contrast to what had 

previously been observed and calculated for 1-thf3, the question arose whether the 
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formation of meridional 1-dmap3 was a structural anomaly. To address this, variable 

temperature 1H NMR spectroscopy was employed (Figure 1.8). Starting at 50 ˚C, the 

spectrum of 1-dmap3 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 C2V, similar to the solution structure of 1-PDI-Dipp.  

 

 

 

Figure 1.8 Variable temperature 1H NMR spectra of 1-dmap3 from 50 ˚C to -50 ˚C in 
toluene-d8. 

 

 

Initial assignment of the 1H 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-iPrCH3, 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 NMe2 

substituents of the dmap ligands. Two sets of resonances are also found further downfield, 

corresponding to inequivalent ArHdmap 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-thf3 (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)3. 

 

 

These solution- and solid-state behaviors are identical when employing bi- and tri-

dentate ligands. Coordination complexes of U(NDipp)3 bearing 4,4’-di-tert-butyl-2,2’-

bipyridine (tBubpy) ligands and 2,2’;6’,2”-terpyridine (tpy), (tBubpy)2U(NDipp)3 (1-

tBubpy2) and (tpy)U(NDipp)3 (1-tpy) respectively, are easily synthesized in a manner 

analogous to 1-dmap3. Crystallographic analysis of both 1-tBubpy2 and 1-tpy reveal the 

three imido substituents in a T-shaped orientation, identical to 1-dmap3. (Figure 1.10 and 

1.11 respectively). For 1-tBubpy2, the two trans imido substituents, related by a bonding 

angle of 167.1(4)º, again show truncated U-N bond distances of 1.999(11) and 2.000(13) 

Å, for U1-N1 and U1-N2 respectively. The equatorial imido bond is slightly elongated, 

displaying a U-N bond distance of 2.090(9) Å. The orientation of the tBubpy ligands in 1-

tBubpy2 is very similar to what is seen for the bis-ligand U(V) bis(imido) halide complexes, 

(tBubpy)2UX2(NDipp)2 (X = Cl, Br, I) synthesized by Boncella and coworkers.13 For 1-

tpy, the trans U=N bonds (1.94(2) and 1.97(13) Å) (169(2)º) are slightly contracted with 

respect to the cis-U=N bond (2.11(4) Å). 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-tBubpy2 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-tBubpy2 and 1-

tpy analyzed by 1H NMR spectroscopy show similar (although less drastic) ligand 

dissociation behaviours as both 1-thf3 and 1-dmap3. Even 1-tpy, bearing the planar 

tridentate tpy ligand, displays only a single set of resonances corresponding to the 

diisopropylphenyl imido substituents at room temperature. For 1-tBubpy2 the 1H NMR 

spectrum displays highly broadened resonances, with four signals corresponding to the 

three Dipp imido substituents. However, analogous to 1-dmap3, 1H NMR spectroscopic 

analysis of both 1-tpy and 1-tBubpy2 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)3 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-thf3, followed by the removal of volatiles in vacuo, results in the 

isolation of (tppo)2U(NDipp)3 (1-tppo2) in good yields (89%). Analysis of this complex by 
1H 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-thf3 and 1-dmap3, the room temperature signals observed through 1H 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-tppo2 by X-ray diffraction could not be 
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accomplished due to the poor crystallinity of the product. However, analysis by VT 1H 

NMR spectroscopy, reveals that 1-tppo2 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-thf2, which, due to its solid-state structure, would likely display a D3h symmetric 1H 

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-tBubpy2, and 1-

dmap3 we see a single vibration that that correspond to the axial imido, 1235, 1230 and 

1240 cm-1 respectively, and equatorial imido substituents at 1206, 1205, and 1208 cm-1 

respectively. However, analysis of 1-tppo2 by IR spectroscopy reveals only one broad 

U=N-C vibration at 1244 cm-1.  

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-thf2, 1-thf3, and 1-dmap3, as well as the 

theoretical facial conformation of (dmap)3U(NDipp)3 (fac-1-dmap3) and meridional 

conformation of 1-thf3 (mer-1-thf3) 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-thf3 and 1-dmap3 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-thf3 (Figure 1.12) and 1-dmap3 (Figure 1.13) 

respectively.  
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Figure 1.12 Highest occupied molecular orbitals of mer-1-thf3. 

 

 

 

Figure 1.13 Highest occupied molecular orbitals of 1-dmap3. 
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Interestingly, 1-thf3 (Figure 1.14) displays no purely σ-bonding orbitals, with π-

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-Mrozek19 

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-thf3. 

 

In conclusion, the coordination chemistry of the investigated molecules is based 

primarily on the bonding dispersion of the imido substituents and ligands. While 1-thf3 

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 techniques 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.20 Benzene-d6, toluene-d8, and 

tetrahydrofuran-d8 were purchased from Cambridge Isotope Laboratories, dried with 

molecular sieves and sodium, and degassed by 3 freeze–pump–thaw cycles. 

(THF)3U(NDipp)3 (1-thf3) 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. 
1H and 13C 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 SiMe4, 

using 1H and 13C (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-dmap3 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 Kα radiation (λ = 0.71073 Å). Data for 1-thf2 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-μ-S microsource X-ray tube, laterally 

graded multilayer (Goebel) mirror for monochromatization and also operating with Mo Kα 

radiation (λ = 0.71073 Å). Data for 1-tBubpy2 were collected on a Bruker AXS X8 

Prospector CCD diffractometer featuring an I-μ-S microsource X-ray tube with a laterally 

graded multilayer (Goebel) mirror for monochromatization and operating with Cu Kα 

radiation (λ = 1.54184 Å). 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 APEX2,21 processed using SAINT,22 and the files scaled and corrected for absorption 

using SADABS23 or TWINABS.24 The space groups were assigned and the structures were 

solved by direct methods using XPREP within the SHELXTL suite of programs25,26 and 

refined by full matrix least squares against F2 with all reflections using Shelxl201423 and 

the graphical interface Shelxle.27 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 Å for alkene and aromatic C-H, 1.00, 0.99 and 

0.98 Å 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 CH3 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.  
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Synthesis of (dmap)3U(NDipp)3 (1-dmap3). A 20 mL scintillation vial was 

charged with a single equivalent of 1-thf3 (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)3U(NDipp)3 (1-dmap3). 1H NMR (300 MHz, 20 ºC, C6D6): δ = 

1.40 (d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 1.95 (vbs, 18H, dmap-CH3), 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);  1H NMR (300 MHz, 50 ºC toluene-d8): δ = 1.44 (d, 
3J(H,H) = 6 Hz, 36H, iPr-CH3), 1.81 (vbs, 18H, dmap-CH3), 4.84 (bs, 3H, p-Ar-H), 5.39 

(bs, 6H, iPrCH), 7.92 (d, 3J(H,H) = 6 Hz, 6H, m-Ar-H); 1H NMR (300 MHz, -50 ºC toluene-

d8): δ = 1.23 (s, 24H, trans-iPr-CH3), 1.75 (s, 12H, cis-iPr-CH3), 2.14 (s, 18H, dmap-CH3), 

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 C57H81N9U): 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-dmap3 in toluene-d8 at -40 ˚C. 
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Table 1.2. Selected experimental bond metrics for 1–dmap3 and calculated bond metrics 
for both fac- and mer- isomers of 1–dmap3. 

(dmap)3U(NDIPP)3 

 Expt. Calculated 
fac 

Calculated 
mer 

Bond Distance (Å) 

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-UI-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-UI-N6 83.66(18) 83.66 82.74 

N4-UI-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)2U(NDIPP)3 (1-tBubpy2). A 20-mL scintillation vial was 

charged with one equivalent of 1-thf3 (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-tBubpy2). In 1H NMR 

analysis rings pointing towards the equatorial imido are classified as bpyA and rings 

pointing towards each other are bpyB. 1H NMR (300 MHz, 20 ºC toluene-d8): δ = 0.67 (bs, 

36H, iPr-CH3), 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); 1H NMR (300 MHz, 50 ºC toluene-d8): δ = 0.89 (bs, 36H, iPr-

CH3), 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);  1H NMR 

(300 MHz, -50 ºC toluene-d8): δ = 0.60 (d, 3J(H,H) = 6 Hz, 12H, trans-iPr-CH3), 0.91 (d, 

12H, 3J(H,H) = 6 Hz, trans-iPr-CH3), 1.09 (s, 18H, bpyB-tBu), 1.15 (s, 18H, bpyA-tBu), 

1.58 (d, 3J(H,H) = 6 Hz, 12H, cis-iPr-CH3),  3.67 (sept, 3J(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 1H NMR spectra of 1-tBuBpy2 from 50 ˚C to -50 ˚C in 
toluene-d8. 
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Figure 1.17 2D COSY spectrum of 1-tBuBpy2 in toluene-d8 at -50 ˚C. 
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 Synthesis of (tpy)U(NDipp)3 (1-tpy). A 20-mL scintillation vial was charged with 

a single equivalent of 1-thf3 (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. 1H NMR 

(300 MHz, CD2Cl2, 25 ºC, TMS): δ = 0.94 (d, 3J(H,H) = 9Hz, 36H), 4.49 (bs, 6H), 4.76 

(bs, 3H), 7.30 (d, 3J(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); 1H NMR (300 MHz, thf-d8, 30 ºC, TMS) δ = 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); 1H NMR (300 MHz, thf-

d8, -50 ºC, TMS): δ = 0.48 (d, 3J(H,H) = 6Hz, 24H, trans-iPrCH3), 1.10 (d, 3J(H,H) = 6Hz, 

12H cis-iPrCH3), 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 1H NMR spectra of 1-tpy from 50 ˚C to -50 ˚C in 
toluene-d8. 
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Figure 1.19 2D COSY spectrum of 1-tpy in toluene-d8 at -50 ˚C. 
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Crystallization of (thf)2U(NDIPP)3 (1-thf2). 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 PMe3. 

 

Table 1.3 Selected experimental bond metrics and calculated bond metrics for 1-thf2 

(thf)2U(NDIPP)3 

 

 

 Expt. 

 

Calc. 

Bond 

 

Distance (Å) 

U1-N1 1.998(5) 1.995 

U1-N2 1.974(4) 1.966 

U1-N3 2.028(4) 1.977 

 U1-O1 2.573(4) 2.411 

 U1-O2 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 

 O1-UI-O2 156.99(8) 157.0 
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Synthesis of (Ph3PO)2U(NDipp)3 (1-tppo2). A 20-mL scintillation vial was charged 

with one equivalent of 1-thf3 (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 1H NMR spectroscopy showing pure (Ph3PO)2U(NDipp)3 (1-

tppo2) (yield: 0.120 g, 0.09 mmol, 89%). 1H NMR (300 MHz, 25 ºC, C6D6): δ = 1.35 (d, 
3J(H,H) = 6 Hz, 36H, iPr-CH3), 4.02 (t, 3J(H,H) = 6 Hz, 3H, p-Ar-H), 5.73 (sept., 3J(H,H) 

= 6 Hz, 6H, iPrCH), 6.92 (m, 9H, Ph3PO), 8.35 (m, 6H, Ph3PO), 8.37 (d, 3J(H,H) = 6 Hz, 

6H, m-Ar-H), 1H NMR (300 MHz, 25 ºC, toluene-d8): δ = 1.29 (d, 3J(H,H) = 6 Hz, 36H, 

iPr-CH3), 3.94 (t, 3J(H,H) = 6 Hz, 3H, p-Ar-H), 5.66 (sept., 3J(H,H) = 6 Hz, 6H, iPrCH), 

6.98 (m, 9H, Ph3PO), 7.99 (m, 6H, Ph3PO), 8.29 (d, 3J(H,H) = 6 Hz, 6H, m-Ar-H), 1H NMR 

(300 MHz, 50 ºC, toluene-d8): δ = 1.26 (d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 3.88 (t, 3J(H,H) 

= 6 Hz, 3H, p-Ar-H), 5.64 (sept., 3J(H,H) = 6 Hz, 6H, iPrCH), 6.98 (m, 9H, Ph3PO), 7.98 

(m, 6H, Ph3PO), 8.27 (d, 3J(H,H) = 6 Hz, 6H, m-Ar-H), 1H NMR (300 MHz, -40 ºC, 

toluene-d8): δ = 1.34 (s, 36H, iPr-CH3), 4.00 (bs, 3H, p-Ar-H), 5.62 (bs., 6H, iPrCH), 6.85 

(s, 9H, Ph3PO), 7.96 (s, 6H, Ph3PO), 8.35 (s, 6H, m-Ar-H), (analysis (calcd., found for 

C72H81N3P2UO2): C (65.49, 64.96), H (6.18, 5.84), N (3.18, 2.98). 
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 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.1 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 UO22+ comes from the inverse trans 

influene (ITI) and features strong uranium-oxygen bonds which are notoriously difficult to 

functionalize.9 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 metathesis23–37 as well as 

protonolysis14,33,43–46 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).  
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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.  
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Scheme 2.2 First synthetic route towards mixed tris(imidos). 
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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)  

 

 

 

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 1H 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)3 1.967(7) � 1.965(7) � 2.022(8) � 

PDI-U(NMes)3 1.992(5) � 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). 
 

 
 

 

   

 

N

N

N

U

N

N

N
U

THF

THF

Mes

Mes

Ar

Mes

1/2 2:1 equiv.

THF, 30 min, r.t.
N

N

N

Mes

Mes

U

N

N

N

N3Dipp : N3Detp

 

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 
1H 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). 

 

 

 

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)3 1.967(7) Å 1.965(7) Å 2.022(8) Å 

PDI-U(NDetp)3 1.970(7) Å 1.900(7) Å 2.030(7) Å 

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

 

 

 

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)3 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)3 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 1H 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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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)3 and a large quantity of free PDI detectable by 
1H 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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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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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-d6 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 MesPDIMe 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 

NH2 
iPr-CH 

iPr-CH3 
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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 techniques 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.20 Benzene-d6, toluene-d8, and 

tetrahydrofuran-d8 were purchased from Cambridge Isotope Laboratories, dried with 

molecular sieves and sodium, and degassed by 3 freeze–pump–thaw cycles. MesPDIMe,47 

[PDI-U-thf]2,1 aryl azides,48 and potassium graphite49 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.  
1H and 13C 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 SiMe4, 

using 1H and 13C (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 APEX2,21 

processed using SAINT,22 and the files scaled and corrected for absorption using 

SADABS23 or TWINABS.24 The space groups were assigned and the structures were 

solved by direct methods using XPREP within the SHELXTL suite of programs25,26 and 

refined by full matrix least squares against F2 with all reflections using Shelxl201423 and 
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the graphical interface Shelxle.27 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 Å for alkene and aromatic C-H, 1.00, 0.99 and 

0.98 Å 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 CH3 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.  
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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]2 dissolved in 10 mL of toluene. In a separate vial, 

58 mg of DippN3 (0.284 mmol, 4 eq.) were mixed with 23 mg of MesN3 (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).  1H NMR (300 MHz, 20 ˚C, C6D6): δ = 0.71 (d, 

12H, iPr-CH3), 1.53 (d, 12H, iPr-CH3), 1.71 (s, 6H, PDI-imide-CH3), 2.02 (s, 6H, PDI-

Mes-o-CH3), 2.12 (s, 6H, Mes-o-CH3), 3.68 (sept, 2H, iPrCH), 4.41 (s, 6H, imido-Mes-o-

CH3), 5.86 (s, 3H, imido-Mes-p-CH3), 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]2 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).  1H NMR (300 MHz, 20 ̊ C, C6D6): 

δ = 0.71 (d, 12H, iPr-CH3), 1.53 (d, 12H, iPr-CH3), 1.71 (s, 6H, PDI-imide-CH3), 2.02 (s, 

6H, PDI-Mes-o-CH3), 2.12 (s, 6H, Mes-o-CH3), 3.68 (sept, 2H, iPrCH), 4.41 (s, 6H, imido-

Mes-o-CH3), 5.86 (s, 3H, imido-Mes-p-CH3), 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]2 dissolved in 10 mL of toluene. In a separate vial, 

58 mg of DippN3 (0.284 mmol, 4 eq.) were mixed with 18 mg of pTolN3 (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).  1H NMR (300 MHz, 20 ˚C, C6D6): δ = 0.69 (d, 

12H, iPr-CH3), 1.46 (d, 12H, iPr-CH3), 1.71 (s, 6H, PDI-imide-CH3), 2.06 (s, 12H, PDI-

Mes-o-CH3), 2.14 (s, 3H, pTol-p-CH3), 3.33 (sept, 4H, iPrCH), 4.19 (d, 2H, pTol-o-CH3), 

5.74 (t, 2H, iPr-p-CH), 6.76 (s, 6H, PDI-Mes-p-CH3), 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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 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 2002.50 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.51 Initially, using 

(tBuArO)3tacn (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 III molecule which coordinated with diphenyldiazomethane in an end-

on nearly linear fashion similar to what Meyer observed with the bulkier adamantyl 

functionalized tacn ligand.52   

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*UI2 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.  
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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) Å. The U2-N13 and U2-N14 

bond lengths are significantly longer at 2.396(2) and 2.361(2) Å 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) Å. 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 (IV).50  

 

 

 

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 KC8 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) Å) and U2-N15 (2.211(8) Å) bonds are significantly shorter than any of 

the U1-N bonds (2.344(8)-2.406(9) Å). This indicates a bonding motif similar to what was 

seen in 3.1 but, as fluxional coordination with diazomethanes has been previously 

observed30, 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 KC8 in the presence of one equivalent of diazomethane or, 

alternatively, through the reduction of 3.3 with one equivalent of KC8. 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) Å 

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. 1H 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 3.3 3.4 3.5 

U-N(Tp*) 2.448(2)-
2.557(2) Å 

2.478(8)- 
2.545(8) Å 

2.451(7)- 
2.492(8) Å 

2.499(6)- 
2.563(5) Å 

U1-N13 2.396(2) Å 2.344(8) Å 2.373(6) Å 2.408(5) Å 

U1-N14 2.361(2) Å 2.406(9) Å 2.417(7) Å 2.443(5) Å 

U2-N13 2.182(2) Å 2.200(8) Å 2.165(6) Å 2.208(5) Å 

N13-N14 1.377(3) Å 1.352(11) Å 1.359(9) Å 1.323(8) Å 

N14-C31 1.309(3) Å 1.316(13) Å 1.318(10) Å 1.322(8) Å 

U1-N15 N/A 2.349(7) Å 2.332(7) Å 2.373(5) Å 

U1-N16 N/A 2.368(8) Å 2.421(7) Å 2.470(6) Å 

U2-N15 N/A 2.211(8) Å 2.158(7) Å 2.182(5) Å 

N15-N16 N/A 1.338(11) Å 1.349(9) Å 1.333(7) Å 

N16-C44 N/A 1.304(12) Å 1.335(11) Å 1.312(8) Å 

U1-N17 N/A N/A N/A 2.203(5) Å 

U2-N17 N/A N/A N/A 2.401(5) Å 

U2-N18 N/A N/A N/A 2.446(5) Å 

N17-N18 N/A N/A N/A 1.331(8) Å 

N18-C57 N/A N/A N/A 1.319(8) Å 

 

 

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 Å.53,54 Additionally, all of the diazomethane fragments display a shortened bond 
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indicative of multiple bonding character52 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 KC8, both 

molecules showed a large degree of decomposition.  Also, when reduction with Tp*2UI 

was attempted with the intent of the second bulky Tp* ligand preventing the bridging effect 

seen previously, reduction attempts with KC8 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 MesPDIMe 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 techniques 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.20 Benzene-d6, toluene-d8, and 

tetrahydrofuran-d8 were purchased from Cambridge Isotope Laboratories, dried with 

molecular sieves and sodium, and degassed by 3 freeze–pump–thaw cycles. Tp*UI2,55 
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diphenyldiazomethane,56 and potassium graphite49 were prepared according to literature 

procedures.  
1H and 13C 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 SiMe4, 

using 1H and 13C (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-μ-S microsource X-ray tube with a laterally graded multilayer 

(Goebel) mirror for monochromatization and operating with Cu Kα radiation (λ = 1.54184 

Å). 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 APEX2,21 processed using 

SAINT,22 and the files scaled and corrected for absorption using SADABS23 or 

TWINABS.24 The space groups were assigned and the structures were solved by direct 

methods using XPREP within the SHELXTL suite of programs25,26 and refined by full 

matrix least squares against F2 with all reflections using Shelxl201423 and the graphical 

interface Shelxle.27 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 Å for alkene and aromatic C-H, 1.00, 0.99 and 0.98 Å 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 CH3 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.  
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Synthesis of Tp*2U2I4N2CPh2: A 20-mL scintillation vial was charged with two 

equivalents (500 mg, 0.5 mmol) of Tp*UI2 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*2U2I4N2CPh2 in 60% yield. 1H NMR (300 MHz, 25 ̊ C, C6D6): δ = -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*2U2I2(N2CPh2)2: A 20-mL scintillation vial was charged with 

Tp*2U2I4N2CPh2 in 5 mL of toluene. Two equivalents of KC8 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 KI and the resulting 

reddish-brown solution was concentrated to afford a dark reddish-brown residue. 

Recrystallization from toluene afforded Tp*2U2I2(N2CPh2)2 in an 85% yield. 1H NMR 

(300 MHz, 25 ˚C, C6D6): δ =  -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*2U2I(N2CPh2)2: A 20-mL scintillation vial was charged with 

Tp*2U2I4N2CPh2 in 5 mL of toluene. Three equivalents of KC8 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 KI and the resulting 

reddish-brown solution was concentrated to afford a dark reddish-brown residue. 

Recrystallization from toluene afforded Tp*2U2I(N2CPh2)2  1H NMR (300 MHz, 25 ˚C, 

C6D6): δ =  -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*2U2(N2CPh2)3: A 20-mL scintillation vial was charged with 

Tp*2U2I4N2CPh2 in 5 mL of toluene. Four equivalents of KC8 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 KI and the resulting 

reddish-brown solution was concentrated to afford a dark reddish-brown residue. 

Recrystallization from toluene yielded Tp*2U2(N2CPh2)3 in a 79% yield. 1H NMR (300 

MHz, 25 ˚C, C6D6): δ = -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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 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.57–62 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.63,64 While some progressions  have been made towards the synthesis of di- 

and mono-fluorinated products, the processes are typically limited to aryl or other π-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/α-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. 
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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 Rf 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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Scheme 4.2 Revised Kulinkovich cyclopropanation reaction. 

  

 

With phenethylcyclopropanol in hand, the first optimization parameter that was 

explored was varying the copper (I) catalyst. Reaction conditions still involved using one 

equivalent of cyclopropanol, four equivalents of α-bromoester, two equivalents of base 

(potassium carbonate), 10 mol% copper (I), 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 (I) 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.  

  

 

OH

Me
OEt

O
Br

O

OEt

O

Me

Copper Catalyst, K2CO3
,

1,10-phenanthroline, MeCN,
80 °C, 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 
 

CuI 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 (I) thiophene-2-carboxylate) 

that a byproduct formed which had a nearly identical Rf 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
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Me
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+
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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.55–59  

 

 

OH

Me
OEt

O
Br

O

OEt

O

Me

CuCl, Base,

1,10-phenanthroline, MeCN,
80 °C, 16-20 hours

1 eq. 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 
 

K2CO3 38% 

9 
 

Na2CO3 35% 

10 
 

Cs2CO3 34% 

11 
 

K3PO4 30% 

12 
 

KOtBu No reaction 

13 
 

LiOtBu No reaction 

14 
 

Pyridine No reaction 

15 
 

Et3N 56% 

16 
 

DIPEA 61% 

17 
 

iPr2NH 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 β-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,

1,10-phenanthroline,
80 °C, 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 α-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 (I) 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 α-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 α-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. 
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OEt

O
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O
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O
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CuCl, DIPA, MeCN,

1,10-phenanthroline,
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 
1:1 ratio 

 

39% 

30 Cyclopropanol: ester in a 
1:2 ratio 

 

46% 

31 Cyclopropanol: ester in a 
1:1 ratio with a 20 mol % 

copper loading 
 

45% 

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 β-elimination product was observed.  
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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.  
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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.  
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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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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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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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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 (1H at 400 MHz, 

500 MHz, 800 MHz and 13C at 100 MHz, 125 MHz, 200 MHz). Chemical shifts (δ) were 

given in ppm with reference to solvent signals [1H NMR: CHCl3 (7.26); 13C NMR: CDCl3 

(77.2), C6D6 (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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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 iPr2NH (0.2 mmol) in 1 mL 

MeCN was stirred at 80 oC 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 aq. NaCl three times, dried 

over Na2SO4, concentrated in vacuo, and purified by silica gel column chromatography to 

give the desired product.  

 

 
O

OEt

O

Me  
 
38.9 mg, 74% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 

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-1) (neat): ν = 1714, 1496, 1453, 1411, 1373, 1260 1177, 1094, 1029, 859 cm-1; GC-

MS (EI) [M]+: m/z calcd for C16H22O3: 262.16, found 262.15. 
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O

OEt

O

Me  
 
33.3 mg, 67% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, 

CDCl3) δ 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-1) (neat): ν = 2977, 2937, 1729, 1262, 1183, 1096, 1030 cm-1; GC-MS (EI) m/z 

calcd for C15H20O3: 248.14, found 248.15.  

 

 
O

OEt

O

Me
MeO  

 

39.8 mg, 75% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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-1) (neat): 

ν =  1728, 1678, 1574, 1453, 1416, 1370, 1257, 1170, 1112, 983, 841cm-1; GC-MS (EI) 

[M]+: m/z calcd for C15H20O4: 264.14, found 264.15. 
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O

OEt

O

Me
PhO

 
 

37.9 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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-1) (neat): ν = 

1727, 1713, 1600, 1377, 1243, 1172, 1080, 1036 cm-1; GC-MS (EI) [M]+: m/z calcd for 

C18H26O4: 306.18, found 306.20. 
O

OEt

O

Me
BzO

 
 

42.0 mg, 65% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 8.04 – 8.03 (m, 2H), 7.57 – 7.42 (m, 3H), 4.34 – 4.31 (m, 2H), 4.12 (q, 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, CDCl3) δ 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-1) (neat): ν = 1714, 1602, 

1452, 1314, 1271, 1176, 1111, 1070, 963, 859 cm-1; GC-MS (EI) [M]+: m/z calcd for 

C19H26O5: 334.18, found 334.20. 
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O O

Me
TBSO OEt

 
 

48.2 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 

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-1) (neat): ν = 1730, 1462, 1378, 1254, 1179, 1096, 1051, 1006, 835 cm-1; GC-MS (EI) 

[M]+: m/z calcd for C18H36O4Si: 344.24, found 344.25. 

 

 

OEt

OO
O

Me  
 

44.4 mg, 71% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 4.11 (q, 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); 13C NMR (125 MHz, CDCl3) δ 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-1) (neat): ν = 1714, 1463, 1410, 1375, 

1259, 1177, 1094, 1051, 1026, 834 cm-1; GC-MS (EI) [M]+: m/z calcd for C18H32O4: 312.23, 

found 312.25.  
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OEt

OO

Me  
 

41.1 mg, 62% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 

MHz, CDCl3) δ 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-1) (neat): ν = 1730, 1462, 1453, 1376, 1257, 1177, 

1027, 994, 909 cm-1; GC-MS (EI) [M]+: m/z calcd for C18H32O3: 296.24, found 296.25. 

 

 
O

OEt

O

Me  
 

39.6 mg, 70% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 

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-1) (neat): 

ν = 1707, 1450, 1376, 1245, 1160, 1096, 1053, 1026, 991 cm-1; GC-MS (EI) [M]+: m/z 

calcd for C14H24O3: 240.17, found 240.20. 
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Me

 
 

31.2 mg, 53% yield, colorless oil, purified with 5% EtOAc in hexanes. 1H NMR (500 MHz, 

CDCl3) δ 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 (q, 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, J = 7.1 Hz, 3H), 1.15 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 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-1) (neat): ν = 3492, 1711, 1693, 1680, 1613, 1462, 1451, 1433, 1378, 

1245.9, 1184, 1133, 1047, 874cm-1; GC-MS (EI) [M]+: m/z calcd for C16H21FO4: 296.14, 

found 296.15.  

 

 
O

OMe

O

nBu  
 

43 mg, 51% yield, colorless oil, purified with 5% EtOAc in hexanes; 1H NMR (500 MHz, 

CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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-1) (neat): ν = 1714, 1693, 1453, 1192, 1165 cm-1; GC-MS (EI) [M]+: m/z calcd for 

C19H26O3: 296.18, found 296.30. 

 

General Procedure for mono-fluorination:  

 

In a flame dried vial starting cyclopropanol (0.2 mmol) was combined with copper (I) 

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 µL) and diisopropyl amine (0.4 mmol, 

60 µL). 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. 

 

 

F

OO

MeO

OEt

 

 

29.5 mg, 66% yield, yellow oil, CuI as catalyst, purified with 25:1 hexanes:EtOAc; 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -192.9 (td, J = 49.3, 27.3 Hz); IR 

(cm-1) (neat): ν = 1757, 1677, 1600, 1258, 1214, 1170, 1027; MS (ESI): m/z 291.3 [M+Na]+. 

 

  



95 

F

OO

Br

OEt

 

 

36.0 mg, 58% yield, yellow oil, CuI as catalyst, purified with 25:1 hexanes:EtOAc; 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 197.4, 169.6 

(d, J = 23.7 Hz), 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; 19F NMR (470 MHz, CDCl3) δ -194.10 (m, 1F); IR (cm-1) (neat): ν = 1757, 

1688, 1586, 1569, 1484, 1398, 1271, 1178, 1096, 1071, 1027, 1010, 989 cm-1; GC-MS (EI) 

[M]+: m/z calcd for C13H14BrFO3: 316.01, found 316.05. 

 

 

F

OO

F

OEt

 

 

25.1 mg, 50 % yield, yellow oil, CuI as catalyst, purified with 25:1 hexanes:EtOAc; 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ196.8, 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; 19F NMR (470 MHz, 

CDCl3) δ -105.96 (m, 1F), -194.11 (m, 1F); IR (cm-1) (neat): ν = 1756, 1685, 15977, 1445, 

1372, 1298, 1269, 1157, 1024, 991 cm-1; GC-MS (EI) [M]+: m/z calcd for C13H14F2O3: 

256.09, found 256.10. 
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General procedure for the synthesis of 2-bromo-2,2-difluoroamides: 

 

OEt

O

F F

Br

R1
HN

R2 La(OTf)3
, neat

N

O

F F

Br R2

R1  

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 15a[2], 15b[2], 15c[2], 15g[3], 15i[4] and 15f[5] are prepared according 

to previously reported literature[2]. 

 

F F

O

N

OMe
Ph

Br

 

1.902 g, 90% yield, white solid; 1H NMR (500 MHz, CDCl3, a mixture of rotamers) δ 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); 13C NMR (125 MHz, CDCl3, 

rotamer) δ 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; 19F NMR (470 MHz, CDCl3, rotamer) δ -55.31 (dd, J = 543.7, 157.9 Hz), -

55.02 (dd, J = 985.0, 158.6 Hz); IR (cm-1) (neat): ν = 1661, 1502, 1453, 1152, 1128, 1043, 

941; MS (ESI): m/z 432.2 [M+Na]+. 
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F F

Br
O

N

 

1.000g, 87% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ156.6 (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; 19F NMR (470 MHz, CDCl3) δ -58.0; 

IR (cm-1) (neat): ν = 1678, 1481, 1464, 1412, 1176, 1149, 1072, 925; MS (ESI): m/z 298.2 

[M+Na]+. 

 

F F

O

N
iPr

iPrBr

 

529 mg, 83% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR 

(125 MHz, CDCl3) δ157.50 (t, J = 25.6 Hz), 111.1 (t, J = 314.7 Hz), 49.68, 47.41, 19.96, 

19.58; 19F NMR (470 MHz, CDCl3) δ -54.3; IR (cm-1) (neat): ν = 1671, 1447, 1376, 1343, 

1154, 1141, 1131, 1033; MS (ESI): m/z 280.2 [M+Na]+. 

 

F F

O

N
Br

 

121 mg, 20% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 4.37 (t, J = 7.8 Hz, 2H), 

4.13 (t, J = 7.9 Hz, 2H), 2.50 – 2.30 (m, 2H); 13C NMR (125 MHz, CDCl3) δ158.5 (t, J = 

27.6 Hz), 111.3 (t, J = 316.3 Hz), 52.91, 49.37, 16.34; 19F NMR (470 MHz, CDCl3) δ -

57.8; IR (cm-1) (neat): ν = 1687, 1441, 1186, 1115, 1007, 947; MS (ESI): m/z 236.3 

[M+Na]+. 
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F F

O

N
nBuBr

 

502 mg, 92% yield, colorless oil; 1H NMR (500 MHz, CDCl3, rotamer) δ 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); 13C NMR (125 MHz, CDCl3, rotamer) 

δ, 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; 19F NMR (470 MHz, CDCl3, , rotamer) δ -55.2, -55.3; IR (cm-1) (neat): ν =1681, 1444, 

1168, 1139, 1114, 928; MS (ESI): m/z 292.2 [M+Na]+. 

Genaral procedure for difluoralkylation of cyclopropanols: 

R

OH

R1

R2Br
F

F CuI/Phenanthroline

K2CO3
, MeCN, 80

 oC
R

O
R2

R1

FF
 

Under argon atmosphere, cyclopropanol (0.1 mmol), difluoroalkyl halide (0.4 mmol), CuI 

(0.01 mmol), Phenanthroline (0.02 mmol), and K2CO3 (0.2 mmol) in 1 mL MeCN was 

stirred at 80 oC 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 Na2SO4, concentrated in vacuo, and 

purified by silica gel column chromatography to give the desired product.  
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F F
OEt

OO

MeO  

760 mg (3.0 mmol starting material was used) 89% yield, white solid; 1H NMR (500 MHz, 

CDCl3) δ 8.05 – 7.86 (m, 2H), 7.03 – 6.81 (m, 2H), 4.32 (q, 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); 13C NMR (123 MHz, 

CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.3 (t, J = 

17.2 Hz); IR (cm-1) (neat): ν = 1763, 1679, 1600, 1511, 1259, 1170, 1093, 1029; MS (ESI): 

m/z 309.2 [M+Na]+. 

 

F F
OEt

OO

F  

22.2 mg, 81% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -104.6, -106.3 (t, J 

= 17.2 Hz); IR (cm-1) (neat): ν = 1761, 1688, 1598, 1286, 1158, 10985, 1045; MS (ESI): 

m/z 297.2 [M+Na]+. 
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F F
OEt

OO
PhO

 

21.7 mg, 76% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.4 (t, J = 17.0 Hz); IR (cm-1) (neat): ν = 1762, 

1728, 1241, 1206, 1101, 1054; MS (ESI): m/z 309.3 [M+Na]+. 

 

F F
OEt

OO

 

22.9 mg, 85% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.16 (m, 5H), 4.31 

(q, J = 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 

MHz, CDCl3) δ -106.5 (t, J = 17.1 Hz); IR (cm-1) (neat): ν =1764, 1721, 1308, 1191, 1085, 

1063; MS (ESI): m/z 293.2 [M+Na]+. 

 

F F
OEt

OO

 

22.0 mg, 77% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.12 (m, 5H), 4.33 

(q, J = 7.1 Hz, 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) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.5 (t, J = 17.1 Hz); IR (cm-

1) (neat): ν = 1768, 1718, 1279, 1192, 1095, 1043, 1013; MS (ESI): m/z 307.3 [M+Na]+. 



101 

F F
OEt

OO

PhO
 

21.3 mg, 65% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.21 (m, 2H), 7.01 

– 6.87 (m, 3H), 4.34 (q, 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.5 (t, J = 17.1 Hz); IR 

(cm-1) (neat): ν = 1764, 1718, 1244, 1194, 1100, 1048; MS (ESI): m/z 351.3 [M+Na]+. 

 

F F
OEt

OO

BzO
 

26.5 mg, 74% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) 

δ 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; 19F NMR (470 MHz, CDCl3) 

δ -106.5 (t, J = 17.1 Hz); IR (cm-1) (neat): ν = 1764, 1716, 1274, 1100, 1070; MS (ESI): 

m/z 379.3 [M+Na]+. 
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F F
OEt

OO

TBSO
 

299.7 mg (1.0 mmol starting material was used), 82% yield, colorless oil;1H NMR (500 

MHz, CDCl3) δ 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, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.5 (t, J = 17.2 Hz); IR (cm-1) (neat): ν = 

1767, 1721, 1256, 1193, 1097, 1058; MS (ESI): m/z 389.4 [M+Na]+. 

 

F F
OEt

OO

 

37.0 mg (0.2 mmol starting material was used), 71% yield, colorless oil; 1H NMR (500 

MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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, CDCl3) δ -106.5 (t, J = 17.2 Hz); IR (cm-1) (neat): ν = 1765, 1711, 

1308, 1191, 1095, 1068; MS (ESI): m/z 285.3 [M+Na]+. 
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F F
OEt

OO

OMe

O

 

26.2 mg, 70% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, 

CDCl3) δ -106.5 (t, J = 17.2 Hz); IR (cm-1) (neat): ν = 1765, 1718, 1436, 1273, 1195, 1102, 

1070; MS (ESI): m/z 399.4 [M+Na]+. 

 

F F
OEt

OO
O

H

 

15.5 mg, 45% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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 (q, 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) δ 208.0, 194.3, 164.1 (t, J = 32.7 Hz), 159.0, 133.1, 115.8 (t, 

J = 250.1 Hz), 63.1, 42.9, 34.5, 32.8, 29.3, 29.2, 29.2, 29.2, 28.6 (t, J = 23.9 Hz), 27.9, 23.8, 

14.1; 19F NMR (470 MHz, CDCl3) δ -106.5 (t, J = 17.2 Hz); IR (cm-1) (neat): ν = 1765, 

1718, 1689, 1191, 1100, 1014; MS (ESI): m/z 369.3 [M+Na]+. 
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F F
OEt

OO

N

O

O  

31.6 mg, 83% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C 

NMR (125 MHz, CDCl3) δ 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; 19F NMR 

(470 MHz, CDCl3) δ -106.5 (t, J = 17.1 Hz); IR (cm-1) (neat): ν = 1766, 1709, 1397, 1373, 

1188, 1071; MS (ESI); MS (ESI): m/z 404.3 [M+Na]+. 

 

F F
OEt

OO
O

 

23.1 mg, 69% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, 

CDCl3) δ 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; 19F NMR (470 MHz, 

CDCl3) δ -106.5 (t, J = 17.2 Hz); IR (cm-1) (neat): ν =2928, 1765, 1718, 1305, 1278, 1191, 

1103, 1080; MS (ESI): m/z 357.3 [M+Na]+. 
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F F

O

Ph

O

OEt

Et

 

19.4 mg, 68% yield, colorless oil as a 38/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -108.3 (dd, J = 254.7, 

14.6 Hz), -111.7 (dd, J = 254.7, 16.3 Hz); IR (cm-1) (neat): ν = 1763, 1689,1179, 1099, 

1066, 1016; MS (ESI): m/z 307.3 [M+Na]+. 

 

F F

OO

OEt

Et

F  

16.4 mg, 54% yield, colorless oil as a 35/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (126 MHz, CDCl3) δ 

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 = 253.1 Hz), 115.9 (d, J = 21.9 Hz), 63.1, 39.7 (t, J = 21.3 Hz), 36.3, 21.6, 14.1, 11.5; 
19F NMR (470 MHz, CDCl3) δ 104.8, -108.2 (dd, J = 255.0, 14.5 Hz), -111.9 (dd, J = 254.9, 

16.5 Hz); IR (cm-1) (neat): ν = 1765, 1689, 1589, 1231,1155, 1133; MS (ESI): m/z 325.3 

[M+Na]+. 
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F F

OO

OEt

Et

Br  

16.4 mg, 45% yield, colorless oil as a 36/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

δ 196.4, 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; 19F NMR (470 MHz, CDCl3) δ -108.1 (dd, J = 

255.1, 14.4 Hz), -111.9 (dd, J = 255.1, 16.5 Hz); IR (cm-1) (neat): ν = 1762, 1690, 1585, 

1177, 1069, 1008; MS (ESI) MS (ESI): m/z 385.2 [M+Na]+. 

 

F F

OO

OEt

Et
PhO

 

21.4 mg, 68% yield, colorless oil as a 17/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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 (q, 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); 13C NMR 

(125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, 

CDCl3) δ -107.9 (dd, J = 255.7, 13.7 Hz), -112.4 (dd, J = 255.6, 16.3 Hz); IR (cm-1) (neat): 

ν =1760, 1755, 1599, 1496, 1240, 1064; MS (ESI): m/z 337.3 [M+Na]+. 
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F F

OO

OEt

Et

F F

OO

OEt

Et  

15.8 mg, 53% yield, colorless oil as a 2.4/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -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-1) (neat): ν = 

1765, 1711, 1308, 1191, 1095, 1068; MS (ESI): m/z 321.3 [M+Na]+. 

 

F F

OO

OEt

Ph

H F F

OO

OEtH

Ph   

20.2 mg, 38% yield, colorless oil as a 5/1 mixture (determined by 1H and 19F NMR); 1H 

NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) 

δ 201.5, 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; 19F NMR (470 MHz, 

CDCl3) δ -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-1) (neat): ν = 1760, 1754, 1600, 

1496, 1240, 1064; MS (ESI): m/z 293.3 [M+Na]+. 
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F F

OO

MeO

N
O

 

26.1 mg, 80% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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) δ 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); 19F NMR 

(470 MHz, CDCl3) δ -98.9 (t, J = 17.5 Hz); IR (cm-1) (neat): ν = 1665, 1600, 1258, 1711, 

1116, 1027; MS (ESI): m/z 350.4 [M+Na]+. 

 

F F

OO

MeO

N

 

28.8 mg, 88% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -98.9 (t, J = 17.4 Hz); IR (cm-1) (neat): ν 

= 1659, 1600, 1257, 1170, 1121, 1028; MS (ESI): m/z 348.4 [M+Na]+. 
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F F

OO

MeO

N
NBoc

 

39.4 mg, 92% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -98.7 (t, J = 17.0 Hz); IR (cm-1) 

(neat): ν = 1670, 1601, 1418, 1258, 1237, 1169; MS (ESI): m/z 449.4 [M+Na]+. 

 

F F

OO

MeO

N

OMe
Ph

 

25.0 mg, 51% yield, yellow oil; 1H NMR (500 MHz, CDCl3, rotamer) δ 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); 13C NMR (125 MHz, CDCl3, 

rotamer) δ 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; 19F NMR (470 MHz, CDCl3) δ -

97.54 (dt, J = 273.7, 14.8 Hz). 19F NMR (470 MHz, CDCl3, rotamer) δ -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-1) (neat): ν = 1663, 1600, 1420, 1258, 1169, 1030; MS (ESI): m/z 516.4 [M+Na]+. 
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F F

OO

MeO

N

 

32.8 mg, 91% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -102.6 (t, J = 17.4 Hz); IR (cm-1) (neat): ν = 1671, 

1600,1482, 1419, 1259, 1170; MS (ESI): m/z 382.4 [M+Na]+. 

F F
N

OO

MeO

Me

Ph
 

21.5 mg, 62% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -96.7 (t, J = 

17.0 Hz); IR (cm-1) (neat): ν = 1673, 1599, 1259, 1281, 1171, 1028; MS (ESI): m/z 370.3 

[M+Na]+. 
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F F

OO

MeO

N
Et

Et

 

25.1 mg, 80% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 7.99 – 7.88 (m, 2H), 6.95 

– 6.86 (m, 2H), 3.86 (s, 3H), 3.53 (q, J = 7.0 Hz, 2H), 3.39 (q, 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); 13C NMR 

(125 MHz, CDCl3) δ 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; 19F NMR (470 

MHz, CDCl3) δ -99.6 (t, J = 17.5 Hz); IR (cm-1) (neat): ν = 1663, 1600,1260, 1171, 1047, 

1030; MS (ESI): m/z 336.3 [M+Na]+. 

 

F F

OO

MeO

N
iPr

iPr

 

25.5 mg, 75% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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) δ 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; 19F 

NMR (470 MHz, CDCl3) δ -99.6 (t, J = 17.6 Hz); IR (cm-1) (neat): ν = 1656, 1600, 1311, 

1260, 1170, 1022; MS (ESI): m/z 364.4 [M+Na]+. 
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F F

OO

MeO

N

 

25.7 mg (iPr2NH was used as base), 83% yield, colorless oil; 1H NMR (500 MHz, CDCl3) 

δ 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, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -102.9 (t, J = 17.3 Hz); IR (cm-1) (neat): ν = 1659, 

1600, 1451, 1315, 1259, 1171; MS (ESI): m/z 334.3 [M+Na]+. 

 

F F

OO

MeO

N

 

25.8 mg, 53% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -103.7 (t, J = 17.4 Hz); IR 

(cm-1) (neat): ν = 1672, 1600, 1313, 1260, 1220, 1172; MS (ESI): m/z 320.3 [M+Na]+. 
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F F

P
OO

MeO

OEt
OEt

 

11.3 mg (LitOBu was used as base), 32% yield, yellow oil; 1H NMR (500 MHz, CDCl3) δ 

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); 13C NMR (125 MHz, CDCl3) δ 

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; 19F 

NMR (470 MHz, CDCl3) δ -111.74 (dt, J = 108.2, 19.8 Hz); 31P NMR (203 MHz, CDCl3) 

δ 6.87 (t, J = 108.2 Hz); IR (cm-1) (neat): ν = 1679, 1601, 1260, 1172, 1022, 977; MS (ESI): 

m/z 373.2 [M+Na]+. 

 

F F

C3F7

O

MeO  

27.8 mg, 73% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 

MHz, CDCl3) δ 195.0 164.0, 130.5, 129.4, 114.1, 55.6, 29.2, 25.7 (t, J = 21.7 Hz); 19F 

NMR (470 MHz, CDCl3) δ -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-1) (neat): ν = 1677, 1601, 1217, 1187, 1134, 980; MS (ESI): m/z 

405.1 [M+Na]+. 

  



114 

F F

C5F11

O

MeO  

31.3 mg, 65% yield, white solid; 1H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 195.0, 164.0, 130.5, 129.4, 114.1, 55.6, 29.2, 25.8 (t, J = 21.8 Hz); 
19F NMR (470 MHz, CDCl3) δ -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-1) (neat): ν = 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: 

H
N

F
F

OEt
O

nPr
OMeO

F F
OEt

O

MeO
nPr

NHNH2
.
HCl

110 oC

HOAc

 

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 × 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. 

1H NMR (500 MHz, CDCl3) δ 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 (q, 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); 13C NMR (125 MHz, CDCl3) δ164.7 (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; 19F NMR (470 MHz, CDCl3) δ -103.2 (t, J = 

16.9 Hz); IR (cm-1) (neat): ν = 3400, 1759, 1508, 1286, 1250, 1180, 1075, 1028; MS (ESI): 

m/z 424.3 [M+Na]+. 
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HN

O

F
F

MeO

O

F F
OEt

O

MeO

NH4OAc, MeOH, NaBH3CN, 70 oC

 

To a stirred 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 NaHCO3. The aqueous layer was extracted with ethyl acetate (3×10 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 (21.8 mg, 90%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 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) δ 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; 19F NMR (470 MHz, CDCl3) 

δ -100.3 (td, J = 283.6, 8.8 Hz), -105.2 (td, J = 283.4, 8.5 Hz); IR (cm-1) (neat): ν = 3205, 

1724, 1680, 1255, 1201, 1175, 1156, 991; MS (ESI): m/z 264.3 [M+Na]+. 
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O F
F

MeO

O

F F
OEt

O

MeO

NaBH4, MeOH, rt

 

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

temperature were added NaBH4 (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 × 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. 

1H NMR (500 MHz, CDCl3) δ 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -106.6, -107.1, -107.4(m), -107.9(m); IR (cm-1) 

(neat): ν = 1613, 1516, 1253, 1114, 1099, 961; MS (ESI): m/z 229.3 [M+H]+. 

F F

O

MeO

OEt

O

F F
OEt

O

MeO

Pd/C, H2, MeOH, rt

 

To a stirred 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 H2 (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. 

1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 4.31 (q, 

J = 7.1 Hz, 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); 13C NMR (125 MHz, CDCl3) δ 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; 19F NMR (470 MHz, CDCl3) δ -105.8 (t, J = 16.8 Hz); IR (cm-1) (neat): ν = 1765, 

1514, 1247, 1180, 1092, 1036; MS (ESI): m/z 295.4 [M+Na]+ 
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 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 β-alkyl radical intermediate, both of which allow for functionalization of the β-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 β-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 β-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.  

 

 

NiCl2(DME), Bipy, K2CO3, MeCN,

80 C, 16 hours

O

Me

O

OEt
OH2

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

ROEt

O
Br

Me

 

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).  
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Table 5.1 Table showing the bases employed in optimization of the nickel catalyzed 
reaction. 

Entry Ni Catalyst Ligand Base Solvent  Yield 

1 NiCl2(DME) Bipy K2CO3 MeCN 10% 

2 NiCl2(DME) Bipy KOtBu MeCN No reaction 

3 NiCl2(DME) Bipy LiOtBu MeCN No reaction 

4 NiCl2(DME) Bipy TMP MeCN 7% 

5 NiCl2(DME) Bipy Pyridine MeCN No reaction 

6 NiCl2(DME) Bipy DIPA MeCN 5% 

7 NiCl2(DME) Bipy DIPEA MeCN 6% 

8 NiCl2(DME) Bipy K3PO4 MeCN 8% 

9 NiCl2(DME) Bipy Cs2CO3 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 
Source 

Temp (˚C) Yield 

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’-
Me2BiPy 

CFL bulb 30 Recovered 
Starting 
Material 

7 [Cu(OTf)]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
F4 

Phen CFL bulb 30 53% 

11 Cu(MeCN)4*PF
6 

Phen CFL bulb 30 55% 

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 (1H at 500 

MHz and 13C at 125 MHz). Chemical shifts (δ) were given in ppm with reference to solvent 

signals [1H NMR: CDCl3 (7.26); 13C NMR: CDCl3 (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), α-bromoester (0.8 

mmol), CuCl (2.0 mg, 0.02 mmol), Phenanthroline (7.2 mg, 0.04 mmol), and iPr2NH (56 

µL, 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 MgSO4, filtered, and 

concentrated under vacuum. The residue was purified via column chromatography with 

silica gel to give the desired product.   

 

 
O

OEt

O

F
Me Me

 
52% yield, colorless oil; 1H NMR (500 MHz, CDCl3) δ 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); 13C NMR 

(125 MHz, CDCl3) δ 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

O

MeO
Me Me

 
68% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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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O

OEt

O

Me Me  
58% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, 

CDCl3) δ 207.8, 177.9, 134.3, 129.5, 128.8, 127.1, 51.9, 50.2, 41.7, 37.9, 34.0, 25.2 

 

 
O

OEt

O

Me Me
 

60% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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

OEt

O
TBSO

4 Me Me  
40% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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 
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O

OEt

O

8
Me Me  

34% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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 

 

 
OH O

OEt

OF

Me Me
 

47% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 210.4, 177.9, 163.1 (d, J = 246.0 Hz), 145.6 (d, J = 6.9 Hz), 130.2(d, J = 

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

O

Me Me
 

38% yield, colorless oil; 1 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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 H NMR (500 MHz, CDCl3) δ 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, CDCl3) δ 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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