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ABSTRACT: Reaction of [Li(THF)],[L] (L = Meg-calix[4]-
pyrrole]) with 0.5 equiv of [UY'O,CL(THF),], results in
formation of the oxidized calix[4]pyrrole product, [Li(THF)],[L*]
(1), concomitant with formation of reduced uranium oxide
byproducts. Complex 1 can also be generated by reaction of
[Li(THF)],[L] with 1 equiv of I,. We hypothesize that formation
of 1 proceeds via formation of a highly oxidizing cis-uranyl
intermediate, [Li],[cis-U"'0,(calix[4]pyrrole)]. To test this
hypothesis, we explored the reaction of 1 with either 0.5 equiv of

/>

0.5 [UV'0,CIo(THF),],

/

——— > THF---Li"
THF \

-Licl

[U'O,CL(THF),], or 1 equiv of [UY'0,(OTf),(THF),], which affords the isostructural uranyl complexes, [Li(THF)]-
[UY0,(L*)CI(THF)] (2) and [Li(THF)][UY'0,(L*)(OTf)(THF)] (3), respectively. In the solid state, 2 and 3 feature
unprecedented uranyl-77°-pyrrole interactions, making them rare examples of uranyl organometallic complexes. In addition, 2 and 3
exhibit some of the smallest O—U—O angles reported to date (2: 162.0(7) and 162.7(7)°; 3: 164.5(5)°). Importantly, the O—U—O
bending observed in these complexes suggests that the oxidation of [Li(THF)],[L] does indeed occur via an unobserved cis-uranyl

intermediate.

B INTRODUCTION

The ability to manipulate the uranyl (UY'0,**) oxidation state
has potential use in nuclear fuel processing, immobilization of
uranyl contamination in groundwater, and uranium extraction
from seawater.' ® Control of actinyl redox also has
implications for the SANHEX process, which has been
proposed as a method to separate Am and Cm from spent
fuel.”® Because of these potential applications, the redox
chemistry of uranyl has come under increased scrutiny in
recent years.”'’ For example, in 2008, we reported the
formation of [UVO,(Ar,nacnac)(Ph,MePO),] (Ar,nacnac =
(2,6-Pr,C¢H;)NC(Me) CHC(Me)N(2,6-Pr,C4H,)) by reduc-
tion of [U"'O,(Ar,nacnac)(Ph,MePO),][OTf] with Cp,Co.""
In this case, we argued that the normally unstable UYO," ion
was stabilized by the coordination of the strongly donating and
sterically bulky Ar,nacnac ligand to the uranyl equatorial plane.
Similarly, Mazzanti reported that reduction of [UY'0,(dpaea)]
(dpaeaH, = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine)
with Cp*,Co lead to formation of water-stable [Cp*,Co]-
[UVOZ(dpaea)].12 Another means of uranyl reduction,
developed by us and others,">~*° is “reductive silylation”.'”"*
This technique has emerged as a reliable and general method
for converting UO,*" to U in nonaqueous environments—a
transformation that is normally quite challenging."

More recently, Bart and co-workers have shown that redox-
active ligands can also mediate uranyl reduction and
functionalization.”>™** For example, treatment of the uranyl
iminosemiquinone complex, [(“*Pisq),U"'0,(THF)] (%Piq =
4,6-di-tert-butyl-2-[ (2,6-diisopropylphenyl)imino ] quinone)
with pivaloyl chloride results in isolation of the U(IV) chloro
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complex, [(%*Piq),U™vCL,], along with pivalic anhydride.”” In
this example, the two electrons required to convert U(VI) to
U(IV) come from the iminosemiquinone ligand, which is
converted to its neutral quinone form during the trans-
formation. Similarly, we recently reported that reaction of
K,(tmtaa) (tmtaaH, = dibenzotetramethyltetraaza[14]-
annulene) with [UY'0,ClL,(THF),], resulted in formation of
the 2e” oxidation products of (tmtaa)*~ (Scheme 1).*° Also
formed in the reaction is the reduced uranium oxide, U,O,. In
this case, we hypothesized that the reaction products were
formed upon decomposition of the unobserved cis-uranyl
intermediate, cis-[U"'O,(tmtaa)], which undergoes a facile
intramolecular redox reaction. However, the hypothesized cis-
uranyl intermediate has yet to be observed, which has limited
our understanding of the role that uranyl structural changes
play in mediating this redox chemistry. Moreover, this method
of uranyl manipulation is still restricted to only a handful
examples.’’”**

In an effort to further develop this under-explored method of
uranyl redox manipulation, we endeavored to study the ligation
of other redox-active macrocycles to the uranyl ion. In this
regard, the [calix[4]pyrrole]*” family of porphyrinogen
macrocycles may be suitable candidates.>”** This ligand
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Scheme 1. Oxidation of [tmtaa]®” via the Proposed cis-

Uranyl Intermediate, cis-[U"0,(tmtaa)]
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framework can exist in three different oxidation states, [L]*",
[LA]*7, and LA* (L = [Meg-calix[4]pyrrole]*) (Chart 1).**~ 36

Chart 1. Chemical Structures of [L]*", [LA]?>", and LA4
’
7
LA L2

Moreover, these three states can be reversibly interconverted
via chemical and electrochemical methods.’* Given these past
results, we hypothesized that hgatlon of [L]*" to uranyl would
also result in metal reduction,”””*® concomitant with ligand
oxidation.

B RESULTS AND DISCUSSION

Addition of 2 equiv. of [Li(THF)],[L], as a colorless THF
solution, to a THF solution of [UY'0,CL,(THF),], results in
an immediate color change from yellow to deep brown.
Workup of the reaction mixture results in isolation of
[Li(THF)],[L*] (1) as orange blocks in 40% yield. Also
formed in the reaction is a deep brown powder, which is likely
uranium(IV) oxide per our past results with the (tmtaa)*~
ligand (Scheme 2).”° Complex 1 is the product of the 2e”
oxidation of [calix[4]pyrrole]*~ by [UY'O,CL,(THF),],. As we
hypothesized for our tmtaa chemistry,’® we suggest that the
reduction of uranyl to UO, proceeds via an unobserved, highly
oxidizing cis-uranyl intermediate [Li],[cis-U"'O,(calix[4]-
pyrrole)], which subsequently oxidizes the [calix[4]pyrrole]*”
ligand. Similar results are observed upon reaction of [Li-
(THF)],[L] with [U"'0,Cl,(Ph,PO),] (see further discussion
below).

X-ray quality crystals of 1 were grown by storage of a
concentrated Et,O solution for 24 h at —25 °C. When grown
in this fashion, one of the coordinated THF molecules is
partially replaced with a diethyl ether molecule, generating a
material with the formula [Li(THF)][Li(THF),ss(Et,0)42]-
[L*]-0.5Et,0 (Figure 1). Its solid-state molecular structure

8630

Scheme 2. Oxidation of [Li(THF)],[L] with
[U"0,CL(THF),], or I,

0.5 [UV'O4Cly(THF )],
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reveals the formation of a new carbon—carbon bond between
two pyrrole rings (C15—C14 = 1.591(S) A), resulting in the
generation of a cyclopropyl ring. This structural change is
further evidenced by the contraction of the oxidized dipyrrole
subunit N—N distance (N3—N4 = 2.702(4) A) relative to the
reduced dipyrrole subunit N—N distance (N1—-N2 = 2.887(4)
A). The oxidation state is further confirmed by the presence of
only two lithium cations in the solid-state structure. One
lithium cation is found in the inner cavity of the ring, bound to
all four pyrrole nitrogen atoms and one molecule of THF,
while the other lithium cation is found outside of the inner
cavity and bound to two nitrogen atoms. Its third coordination
site is occupied by a mixture of THF and Et,O. The metrical
parameters of 1 are in good agreement with those reported for
other oxidized calix ligands, such as [Li],[L’*] (L' = Ets-

calix[4]pyrrole, i.e., the octaethyl- substltuted analogue of the
calix[4]pyrrole hgand) ®and [L%Zn].**

Complex 1 can also be accessed by reaction of [Li-
(THF)],[L] with 1 equiv of I, in THF (Scheme 2). When
synthesized in this fashion it can be isolated in 73% yield after
workup. Its '"H NMR spectrum in THF-dg at —60 °C features
four pyrrole and six methyl environments, consistent with the
C, symmetry observed in the solid state (Figure S2). Curiously,
upon warming to room temperature, the six methyl resonances
coalesce into three broad, overlapping resonances, suggesting
that the saddle structure of 1 undergoes rapid inversion at
room temperature (Figure S1). Finally, the room-temperature
"Li{'"H} NMR spectrum of 1 exhibits two broad resonances at
0.79 and —1.09 ppm, in a 1:1 ratio, which is also consistent
with the solid-state structure (Figure S4).

In an effort to isolate a model structure of the proposed
[Li],[cis-UY'0O,(calix[4]pyrrole)] intermediate, we explored
the ligation of 1 to the uranyl fragment. We rationalized that,
despite its increased rigidity due to the presence of the
cyclopropyl ring, it should still be capable of binding to uranyl
and provide a good approximation of the [calix[4]pyrrole]*”
coordination environment. Moreover, because of its reduced
oxidation potential relative to [Li(THF)],[L],** we should not
observe further uranyl redox chemistry. Thus, reaction of
[UY'0,CL,(THEF),], with 2 equiv. of 1 in THF at —25 °C
quickly results in a color change from yellow to deep green
(Scheme 3). Workup of the reaction mixture, followed by
crystallization from hexanes/toluene affords [Li(THF)]-
[UY0,(L*)CI(THF)] (2), as deep green needles in 49%
yield. Similarly, reaction of [UY'0,(OTf),(THF),] with 1 in
THEF at —25 °C quickly results in a color change from yellow
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Figure 1. Solid-state molecular structures of complexes [Li(THF)][Li(THF), ss(Et,0)0.42] [LA1-0.5Et,0 (left), [Li(THF)][U"'0,(L*)CI(THF)]-
C,H; (2-C,Hg, middle), and [Li(THF)][UY'0,(L*)(OTf)(THF)] (3, right), respectively, with 50% probability ellipsoids shown for noncarbon
atoms. Hydrogen atoms, solvate molecules, and coordinated Et,O/THF molecules in [Li(THF)][Li(THF )y ss(Et,0)g.42) [L*]-0.5Et,0 omitted for

clarity.

Scheme 3. Synthesis of Complexes 2 and 3
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to deep green. Workup of the reaction mixture, followed by
crystallization from THF, affords the analogous triflate
complex, [Li(THF)][UY'0,(L*)(OTf)(THF)] (3), as deep
green needles in 30% yield (Scheme 3). We attribute the lower
yield of 3 to the accompanying formation of the fully oxidized
calix fragment, L24, which we observe in the "H NMR spectra
of the crude reaction mixtures (Figure $15).** The oxidation
of [LA]*~ to L“* during the reaction suggests that
[UV'0,(OTf),(THF);] is a better oxidant than
[U"0,CL(THF),],, which is consistent with the weaker
donor ability of [OTf]™ vs [Cl]". Consistent with this
hypothesis, L% is not observed in crude reaction mixtures
of 2.

Complex 2 crystallizes in the triclinic space group P1 as the
toluene solvate, 2-C,Hg, with two independent molecules in
the asymmetric unit, while complex 3 crystallizes in the
monoclinic space group P2,/n (Figure 1). Complexes 2 and 3
are isostructural: both feature distorted octahedral geometries
about the uranium center; however, 3 bears an «'-triflate group
in place of the chloride ligand in 2. The calix ligand in both
complexes features a mixed 7'/n’-binding mode to uranium,
wherein the calix ligand binds to uranium via one pyrrole ring
in an n'-fashion and a second pyrrole ring in an 7°-fashion. A
similar mixed-hapticity binding mode was observed in the
U(IID) complex, [ (Etg-calix[4] pyrrole)U™(dme)][K(dme)].*
Complexes 2 and 3 have U-centroid distances of 2.54(1)
(U1-C4 = 2.716(19), Ul-N1 = 2.771(16), Ul-C3 =
2.836(18), Ul1-C1 = 2.84(2), U1-C2 = 2.871(19) A) and
2.53(1) A (U1-C2 = 2.690(6), U1—C3 = 2.771(6), UL-N1 =

8631

2.792(5), Ul1-C4 = 2.870(6), U1-CS 2.923(6) A),
respectively. For comparison, the #’-pyrrole interaction
observed in 2 and 3 is reminiscent of the 7°-cyclopentadienyl
interaction observed in [NEt,],[U"'0,(5*-CsMe;)(CN),] and
(n>-CsMes)UVIO,(MesPDIMe)  (MespDIMe = 2,6-(2,4,6-Me;-
C¢H,—~N=CMe),C;H;N). These two complexes feature
similar U-centroid distances of 2.598(3) and 2.582 A,
respectively.”>*

The average U=0 bond lengths in 2 and 3 are 1.77 and
1.76 A, respectively, which is typical of the trans-uranyl
fragment.“’“’42 However, the O—U—O angles in 2 (162.0(7)/
162.7(7)°) and 3 (164.5(5)°) are substantially reduced from
the 180° expected for this fragment, and are among the
smallest reported to date (Table 1).**** We attribute the O—

Table 1. Selected Metrical Parameters for 2 and 3 (A and
deg)

2 3

U=0 1.77(1)/1.78(1) 1.765(4)/1.762(4)
1.77(2)/1.78(2)

U—cent. 2.53(1)/2.54(1) 2.53(1)

U—Orpyr 2.42(1)/2.45(2) 2.402(4)

U-X (X = Cl or OTY) 2.739(5)/2.736(4) 2.441(5)

U-N 2.54(1)/2.54(2) 2.494(5)

0-U-0 (deg) 162.0(7) 164.5(5)
162.7(7)

U—O bending to the close approach of the ligand backbone to
the O, atoms (2: O1--C25 = 2.82 A and 02--C3 = 2.95 A; 3:
01-+C9 =2.84 A and 02--C3 = 2.89 A). Significantly, the O—
U—O bending observed upon ligation of 1 to uranyl appears to
confirm our hypothesis that the initial oxidation of [calix[4]-
pyrrole]*” does, indeed, occur via a cis-uranyl intermediate. For
comparison, the uranyl pyridinophane complexes,
[UY10,(0Tf),("™N4)] and [UY'0,(OTf)(THE)(M°N4)]-
[oTf] ("N4 2,11-diaza[3,3](2,6) pyridinophane, and
MeN4 = N,N’-dimethyl-2,11-diaza[3,3](2,6) pyridinophane)
feature O—U—O angles of 162.8(3)° and 161.7(5)°,
respectively.*> Similarly, the uranyl 1,10-phenanthroline
(phen) complexes, [UY'0,(phen),(2,4,6-X;CsH,CO,),] (X =
F, Cl, Br), feature O—U—O angles ranging from 164.9(2)° to
162.2(2)°.*° For further comparison, [NEt,],[UY0,(n"-
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CiMe;)(CN),] and (7*-C;Me;)U'0,(M*PDI™®), which
feature similar 7°-bound rings, adopt O—U—O angles of
168.40(9)°," and 168.3(2)°,* respectively. In all cases,
bending can be rationalized by the steric constraints imposed
by coordination of the ligand to the uranium center.” Finally,
the lithium cations in both 2 and 3 are each coordinated to
four N atoms of the calix ligand, as well as one THF molecule.
This binding mode is reminiscent of the K* binding mode in
[(Etg—calix[4]tetrapyrrole)UHI(dme)][I((dme)],39 and the Li*
binding mode in [Li(THF)],[U"'0,(N(SiMe;),),(tmtaa)]."”

The 'H NMR spectrum of 2 in THF-dg at —30 °C reveals
eight doublets between 6.0 and 7.5 ppm, assignable to eight
unique pyrrole environments, as well as eight singlets between
1.0 and 2.5 ppm, which are assignable to eight unique methyl
environments (Figure S7), consistent with the C, symmetry
seen in the solid state. However, upon warming 2 to 25 °C, the
eight pyrrole and eight methyl environments coalesce and
broaden significantly. This observation suggests that, at room
temperature, the ligand fragment in 2 is rapidly exchanging its
n'- and 7°>-bound pyrrole rings. The uranium-coordinated THF
and [Cl]™ ligands also likely undergo exchange. These parallel
exchange processes result in an averaged structure that
adequately rationalizes the room-temperature 'H NMR
spectrum. Similar dynamic behavior is observed for complex
3 (Figure S11). In addition, the "’F{'H} NMR spectrum of 3
features a sharp singlet at 78.43 ppm, assignable to the [OTf]~
ligand (Figure S13), whereas the "Li{'"H} NMR spectrum of 3
features a broad peak at 0.02 ppm (Figure S12), which is
assignable to the lone Li" environment. The ’Li{'H} NMR
spectrum of 2 is essentially identical to that of 3 (Figure S9).

Finally, in an effort to probe the suitability of [Li-
(THF)],[L] as a catalyst for uranyl reduction, we explored
the chemical reversibility of the [Li(THF)],[L] to 1
conversion. To that end, we monitored the reaction of
[Li(THF)],[L] with [UY'0,Cl,(Ph;PO),] in THF-dg by 'H
NMR spectroscopy. This reaction results in an immediate
color change from yellow to deep-brown. Additionally, no
precipitate is observed to form. The "H NMR spectrum of the
reaction mixture after S min revealed the presence of 1, along
with a small amount of H,L. These two species are present in a
10:2 ratio. Subsequent addition of excess Li’ to this sample
resulted in complete disappearance of 1 and reformation of
[Li(THF)],[L] over the course of 10 h. The ratio of
[Li(THF)],[L]:H,L in this sample is 10:2.5 (Scheme 4 and
Figure S16). On standing for 24 h, a deep-brown solid slowly
began to deposit in the reaction mixture, which we ascribe to
uranium(IV) oxide. Note that Floriani and co-workers

Scheme 4. Reversible Redox Chemistry of 1

[UV'0,Cl,(Ph3PO),]

THF-dg ¢
-UVo,, 2 Licl
-2 PhsPO

1

(4 THF ligands omitted for clarity) (2 THF ligands omitted for clarity)

T 2Li°

previously reported reduction of [Li],[L'4] with 2 equiv of
Li° results in formation of [Li],[L'].>> Overall, the reversibility
of the [Li(THF)],[L] oxidation suggest that it could be
employed in the catalytic reduction of uranyl. However, its
high water sensitivity renders it impractical for use in real-
world systems. Nonetheless, our results represent an important
proof-of-principle toward the development of a practical
system.

B CONCLUSION

In summary, we have explored the reactivity of the well-known
macrocyclic ligand, [Li(THF)],[Meg-calix[4]pyrrole], with the
uranyl ion. This reaction results in oxidation of the
[calix[4]pyrrole]*” fragment, forming of the oxidized calix
ligand, [Li(THF)],[L*] (1), concomitant with reduction of
the uranyl ion. We hypothesize that this reaction proceeds
through a highly oxidizing cis-uranyl intermediate, [Li],[cis-
UY'0,(L)]. In an effort to test this hypothesis, we explored the
reaction of 1 with uranyl salts, which results in the isolation of
[Li(THE)][UY'0,(L*)CI(THF)] (2) and [Li(THF)]-
[UY0,(LA)(OTf)(THF)] (3). Significantly, complexes 2
and 3 are the first 17°-pyrrole complexes of the uranyl ion. As
such, they re})resen_t rare examples of organometallic uranyl
complexes.”****7>> Moreover, the O—U—O bending ob-
served in the solid state for these two complexes supports our
hypothesis that reduction of uranyl by [Li(THF)],[Meg-
calix[4]pyrrole] occurs via a cis-uranyl intermediate. Our
results present the most detailed picture yet of the structural
changes that occur to uranyl upon coordination to a
macrocycle, and provide further support that O—U-O
bending in the uranyl ion renders it a strong oxidant. In
addition, this transformation represents a rare example of the
controlled reduction of uranyl by ligation to a redox-active
ligand. Going forward, we plan to develop this method of
uranyl manipulation into an electrocatalytic uranyl reduction
process.
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