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Selective hydroboration of terminal alkynes

catalyzed by heterometallic clusters
with uranium-metal triple bonds

Penglong Wang,' Iskander Douair,” Yue Zhao," Rile Ge,* Junhu Wang,® Shuao Wang,*

Laurent Maron,”* and Congqging Zhu'->*

SUMMARY

Due to their fascinating structures and heterometallic synergistic ef-
fects in catalysis, heterometallic clusters with metal-metal (M-M)
bonds have attracted the interest of chemists for decades. However,
understanding of the chemistry of M-M bonds that involve f-block ele-
ments, such as uranium, is significantly less developed compared with
that of the d-block transition metals, and catalysis by heterometallic
clusters with U-M bonds has not been realized to date. Here, we report
a set of heterometallic clusters that feature U=M (M = Fe, Co) triple
bonds. The cluster with two U=Co triple bonds exhibits excellent cat-
alytic activity for the hydroboration of alkynes under mild conditions,
producing o-vinylboronates with good yields and regioselectivity.
These heterometallic clusters represent the rare structurally authenti-
cated example of multiple bonding between f-block elements and tran-
sition metals. Theoretical studies reveal high bond orders (up to 2.93)
and a significant degree of covalency in these U=M triple bonds.

INTRODUCTION

Heterometallic clusters have considerable potential in catalysis and activation of
small molecules due to the synergistic effects between different metals in close prox-
imity.' ™ For instance, many metalloenzymes are thought to benefit from active sites
containing more than one transition metal, which can efficiently catalyze a series of
transformations.®”® Compared with the extensively investigated metal-metal (M-M)
bonding of transition metals, studies of M-M bonding involving actinide elements,
such as uranium, are sparse.” The bonding interactions of structurally authenticated

U-M complexes predominantly involve single bonds'%*?

and complexes featuring
U-M multiple bonding remain relatively rare. Remarkably, a species containing a
double dative bond between U and Rh was synthesized by Liddle and coworkers.?*
Moreover, Zhou, Li and coworkers reported the detection of UFe(CO);~ and
OUFe(CO);~ by mass spectroscopy in the gas phase using laser vaporization.”*
Computational studies show that both these complexes contain a U=Fe triple
bond. Recently, we identified a U=Rh triple bond in a heterometallic cluster, which
was authenticated by X-ray diffraction.?® Although theoretical studies suggest that
26=38 no structurally authenti-

cated species with multiple bonding between U and first-row transition metals

actinide-metal multiple bonding is quite common,

have been isolated. Information concerning the reactivity of actinide-metal bonds
is limited and the catalysis by such species has not been reported to date.

Organoboron compounds are versatile synthons in synthetic chemistry and have at-
tracted significant attention over recent decades. The hydroboration reaction is

The bigger picture
Heterometallic synergistic effects
are important in both natural
metalloenzymes and synthetic
chemistry and are involved in a
wide variety of transformations.
Although uranium is one of the
most intensively investigated
actinide elements, few examples
of catalysis promoted by uranium
complexes have been reported. In
this paper, a series of
heterometallic clusters with U=M
(M = Fe, Co) triple bonds were
synthesized and structurally
characterized, and the cluster that
contained U=Co triple bonds was
found to be an effective catalyst
for the Markovnikov-type
hydroboration of alkynes with
HBpin. This study supports
investigation of the possibilities in
catalysis and synthetic chemistry
of heterometallic clusters with U-
M bonds.
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regarded as one of the most effective methods to construct organoboron species.®”~
“1 For instance, hydroboration of alkynes is a straightforward method to construct
vinylboronates, which are important synthons used in the construction of C-C bonds
via a variety of coupling reactions.*” Although B-vinylboronates have been synthe-
sized by the hydroboration of terminal alkynes, a reaction catalyzed by various tran-
sition metal catalysts,**™*’ the selective synthesis of a-vinylboronates via hydrobora-
tion of terminal alkynes has been less explored.*®>? Therefore, the development of
anew catalytic system for the direct one-step hydroboration of alkynes to a-vinylbor-
onates is desirable.

Here, we report the first example of selective hydroboration of alkynes to a-vinylbor-
onates catalyzed by a heterometallic cluster containing two U=Co triple bonds. The
corresponding clusters with two U=Fe triple bonds were also synthesized for com-
parison. These structurally authenticated heterometallic molecular clusters with
U=Co or U=Fe triple bonds were supported by a heptadentate N4P; scaffold,
and quantum chemical calculations reveal the high bond orders and significant cova-
lency of these unusual 3d-5f M-M triple bonds.

RESULTS AND DISCUSSION
Synthesis

Treatment of complex 17°

with CoCl; in tetrahydrofuran (THF) at room temperature
(RT) causes the grayish-green suspension to turn dark-blue and the isolation of
complex 2 in 46% yield after work-up (Figure 1). The "H NMR spectrum of complex
2 exhibits a set of broad peaks spanning the range from +101.58 to —72.48 ppm
(Figure S24), probably due to the presence of paramagnetic U(IV) and Co(ll). After
the reduction of 2 with four equivalents of KCg, complex 3 was isolated as
dark-red crystals in a moderate and reproducible yield. Complex 3 can also be syn-
thesized directly by the reduction of the mixture of complex 1 and CoCl; with two
equivalents of KCg at RT (Figure 1). The "H NMR spectrum of 3 exhibits broad reso-
nances ranging from +72.80 to —22.71 ppm (Figure S25), which is consistent with the
assignment of a U(IV) oxidation state. The differences in the "H NMR spectra of 2and
3 are probably due to the structural variations and the different oxidation state of Co
atoms in these complexes. The formal oxidation states of the two Co atoms in com-
plex 3 can be assigned as Co(0) given the four-electron reduction of two Co(ll) in
complex 2. Complex 3 represents an unusual example of an isolated species with
U-Co multiple bonds, which further demonstrates the ability of this heptadentate
N4P3 scaffold to stabilize unusual chemical bonding.?*

In order to synthesize an analogous U=Fe triple bond species, two equivalents of
KCg were added to the mixture of 1 and FeCl, in THF, which results in a dark-red sus-
pension from which the crystalline complex 4 was isolated in 33% yield (Figure 1).
The "H NMR spectrum of complex 4 also exhibits resonances ranging from +76.57
to —44.88 ppm (Figure 527). Complexes 4 and 3 are isomorphous, except for the dif-
ference of the transition metals, and thus we proposed that this process involves an
intermediate similar to complex 2 (Figure S26), which was consistent with the result
of high-resolution mass spectrometry. The oxidation states of U and Fe in 4 are +IV
and 0, respectively. However, in contrast to 3, complex 4 could be further reduced
by KCg. Treatment of crystalline 4 with two equivalents of KCg in THF affords com-
plex 5 in 50% yield as dark brown crystals after recrystallization from toluene (Fig-
ure 1). Formally, the two reducing electrons in this process were used to reduce
two Fe(0) to two Fe(-l), with the oxidation state of the U centers remaining un-
changed. This was confirmed by the Mé&ssbauer spectra and DFT calculations
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The complex 3 with two U=Co triple bonds was formed by the reaction of KCg with complex 2, which was isolated from a mixture of 1 and CoCl,.
Reduction of the mixture of 1 and CoCl, with KCg affords complex 3 directly. Under similar conditions, the complex 4 containing two U=Fe triple bonds

was prepared by the reduction of 1 and FeCl, with KCg. Complexes 3 and 4 are isomorphous except for the different transition metals. Treatment of
complex 4 with KCg results in the formation of complex 5 containing two U=Fe triple bonds, but attempts to reduce complex 3 with KCgq resulted in the

decomposition of the reactants to unidentified products, probably because the reduction product of complex 3 is extremely unstable. RT, room

temperature; THF, tetrahydrofuran.

(vide infra). The "M NMR spectrum of complex 5 spans the range from +75.05
to —44.18 ppm (Figure S28). The STP{'H} NMR spectra of 2-5 are silent
between +3,000 and —3,000 ppm, which is probably due to the presence of para-
magnetic metal ions. The isolation of complexes 3, 4, and 5 represent an example
of species with a U=M triple bond synthesized under conventional experimental
conditions.

Solid-state structures

X-ray crystallography was used to determine the solid-state structures of 2, 3, 4, and
5 (Figure 2; see also Figures S68-S71; Tables S1-S6). The U1-Co1 bond length of
2.9080(7) A in 2 is slightly longer than the sum of the single bond covalent radii
for U and Co (2.81 A),>° but it is within the previously reported range of the U-Co
bond distances (2.874(3)-3.0319(7) A)."*~'® The formal shortness ratio (FSR), which
is defined as the ratio of the M-M bond distance to the sum of the single bond co-
valent radii of these two metals, is a benchmark to evaluate the M-M bonding
because it considers the differences in the metal covalent radii. However, it is simply
a qualitative index for the bonding between two metal atoms. In general, an FSR
value of 1.0 indicates a single bond and a significantly smaller FSR suggests a mul-
tiple bond. The FSR value for the UT-Co1 in complex 2 is 1.03, very close to the FSR
values for other reported U-M single bonds.?° The bond lengths of U-N,mige
(average of 2.229 A) and U-Namine (2.610(4) A) are typical of U(IV) complexes
featuring this N4P3 ligand.?®

Chem 8, 1-15, May 12, 2022 3



¢? CellPress

Chem

Figure 2. Molecular structures of 2, 3, 4, and 5

(A-D) Solid-state structures of 2 (A), 3 (B), 4 (C), and 5 (D) by X-ray crystallography with 50% probability ellipsoids. Hydrogen atoms, solvent molecules,
and isopropyl moieties in P'Pr, are omitted for clarity. The U1-Co1 bond length in complex 3 (2.0854(5) A) is shorter than the sum of the covalent triple
bond radii for U and Co (2.14 A) and significantly shorter than the U-Co bond length observed in complex 2 (2.9080(7) A). The bond lengths of UT-Fe1 in
complex 4 (1.9693(4) A) and U1-Fe2(2.0379(7) A) and U2-Fe1 (2.0382(7) /&) in 5 are comparable and are all obviously shorter than the sum of the covalent
triple bond radii for U and Fe (2.20 A). The U=Co and U-Fe bonds in these species are red. Uranium, yellow; phosphorus, violet-red; nitrogen, blue;

chlorine, green; cobalt, turquoise; iron, pink; and carbon, gray.

The solid-state structure of 3 exhibits a centrosymmetric dimer revealed by X-ray
diffraction crystallography (Figure 2B). The U1-Co1 bond length in complex 3
(2.0854(5) A) is much shorter than the reported U-Co bond distances in the literature
(2.9450(9) A, 3.0812(7)-2.874(3) A, and 3.0319(7) A),"*~"* which is also shorter than
the sum of the triple bond covalent radii for U and Co (2.14 A).>* Although the triple
bond covalent radius of Co (0.96 A) is only 0.1 A less than that of Rh (1.06 A), the U1—
Co1 bond in 3 is 0.23 A shorter than the reported U=Rh triple bond length
(2.3125(10) A).?* The FSR value for the U1-Co1 bond in 3 is 0.74, which is consistent
with the FSR values for the triple bond between transition metals.>> The extremely

short U-M bond distance (2.0854(5) A) in complex 3 suggests a strong interaction
between U and Co in this species.

Complex 4 was also characterized by single-crystal X-ray diffraction analysis and re-
vealed a centrosymmetric dimer containing two U=Fe triple bonds (Figure 2C). The
steric configurations for uranium and transition metals in complexes 3 and 4 are iden-
tical. The UT-Fe1 bond length (1.9693(4) Aindis significantly shorter than the U-Fe
bond distance (2.9462(3) A) in a previously synthesized complex.” It is also shorter

than the calculated U=Fe triple bond lengths in UFe(CO);~ (2.20 A) and

4 Chem 8, 1-15, May 12, 2022
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OUFe(CO)3™ (2.15 A)AZA The U1-Fe1 bond length in 4 is 0.23 A shorter than the sum
of the covalent triple bond radii of U and Fe (2.20 A).>* Therefore, complex 4 has the
smallest FSR value (0.69) and possesses the shortest length (1.9693(4) A) for any
structurally authenticated U-M bond, which indicates the strong multiple bonding
feature between U and Fe in complex 4.

An X-ray diffraction study of 5 exhibits the presence of a square-shaped U;Fe; core
structure (Figure 2D). The bond lengths of U1-Fe2 (2.0379(7) A) and U2-Fe1
(2.0382(7) A) in complex 5 are slightly longer than the U-Fe bond length
(1.9693(4) A) observed in 4, which is probably due to the larger coordination
numbers and steric hindrance of the Fe center in complex 5. Nevertheless, these
U-Fe distances are shorter than the predicted U=Fe triple bonds in UFe(CO);™
(2.20 A) and OUFe(CO);™ (2.15 A)?*, and also shorter than the sum of the covalent
triple bond radii for U and Fe (2.20 A).°* The FSR values for U1-Fe2 and U2-Fe1
are 0.71, and are consistent with the FSR value for the U-Co multiple bonds in 3.
The bond distances for U1-Fe1 (3.1723(8) A) and U2-Fe2 (3.1920(8) A) are slightly
longer than the sum of the covalent single bond lengths of U and Fe (2.86 A) but
are close to the U-Fe distances found in ferrocenyl-based species (3.08-
3.16 A).°°°° Nevertheless, complex 5 provides an example of a heterometallic clus-
ter with two U=Fe triple bonds and two U-Fe single bonds. The isolation and X-ray
diffraction of complexes 3, 4, and 5 represent the rare examples of structurally
authenticated M-M multiple bonds between f-block elements and transition metals
and also provide new opportunity to explore the properties of heterometallic clus-
ters with U-M bonds.

UV-vis-NIR spectra

The electronic absorption spectra of 2-5 were recorded in THF at RT (Figure 3; see
also Figures S12-515). Complex 2 displays strong charge-transfer absorption in the
range 300-800 nm, while 3 exhibits a broad shoulder at ~300 nm and a peak at
~408 nm. Complex 4 also exhibits broad and intense charge-transfer bands in the
ultraviolet-visible (UV-vis) region with a peak centered at 557 nm. The dark-red 5 dis-
plays a largely featureless absorption spectrum in its UV-vis region. However, a se-
ries of similar and low intensity absorptions were observed in the near infrared (NIR)
region (ca. 900-1,600 nm, € = 20—350 M~ em™") for these complexes, and this was
attributed to the Laporte forbidden 5f — 5f transitions expected for U(IV) com-
plexes. For instance, the peaks at 1,178, 1,374, 1,393, and 1,546 nm for 3 (e < 60
M~ em™" and 1,177, 1,370, and 1,395 nm for 5 (¢ < 150 M~! cm™") were observed
in the NIR region (Figure 3). The intense absorption bands in the UV-vis region and
relatively weak absorption bands in the NIR for these complexes compare well with

the reported results for U(IV) complexes.>” "

Mossbauer spectroscopy

To investigate the oxidation state of Fe in complexes 4 and 5, the zero-field *’Fe Méss-
bauer spectra of 4 and 5 were measured at 80 K on crystalline samples and feature single
quadrupole doublets (Figures 4A and 4B). To the best of our knowledge, no 5"Fe Méss-
bauer data of U—Fe derivatives have been reported, thus a comparison of the isomer shift
of 4 with other U-Fe systems is unavailable. The fitting isomer shift of 4 (5 = 0.68 mms™
relative to a-Fe at RT) is greater than the values for M/Fe® bimetallic complexes; e.g.,
PrN=Nb(PrNPPh,);Fe—PMe; (6 = 0.41 mm s7),%” FeTi(N(o-(NCH,PPro)CeHa)s) (6 =
0.35 mm s7),°> Cr(PrNPPh,)sFe—PMe; (6 = 0.25 mm s™),%* and FeV(N(o-(NCH,P'Pry)
CgHa)3) (6 = 0.25 mm s7).%° The greater isomer shifts of complex 4 may be attributed
to the different local environments around the Fe center and the highly polarized
U=Fe triple bond (vide infra).
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Figure 3. UV-visible absorption spectra for 2, 3, 4, and 5

The absorption spectra were measured in THF at RT. The higher molar absorption coefficients in
the UV-vis region and the weak absorption bands in NIR are consistent with the data for U(IV)
species. Inset: near infrared absorption spectra.

Previous studies have shown that the reduction of the Fe center results in a
decrease in the fitting isomer shift.®? Consistently, the fitting isomer shift of 5
(6 = 0.55 mm s7") is slightly smaller than that of 4 (6 = 0.68 mm s') (Figure 4B). The
6 value of 5 is identical to that reported for the Fe(-I) complex [(CAAC),Fe(N,)]
[K(18-crown-6)] (6 = 0.56 mm s7).%¢ These results imply that the oxidation state of
the Fe center in complex 5 should be —1. The quadrupole splitting (QS) value of 5
(QS=3.29mms")is slightly larger than that of complex 4 (QS = 2.64 mm s, which
can be attributed to the different coordination spheres at the Fe centers.

Magnetic studies

The variable-temperature magnetic moments for 2, 3, 4, and 5 in the solid state (Fig-
ure 4; see also Figures S1-S11) were collected using a superconducting quantum
interference device (SQUID). The data for 2 exhibit a steady drop in uefras the tem-
perature lowers. peirdecreases from 3.43 ug at 300 Kto 2.43 ug at 1.8 K(Figure 51).¢7
The RT moment of 2 was significantly lower than that expected for a system with one
Co(ll) ion and one U(IV) ion. The larger pes of complex 2 at 1.8 K is caused mainly by
the Co(ll) ion as the U(IV) center is a magnetic singlet at low temperature. The mag-
netic moment of 3 is 3.34 ug at RT, which is also lower than the sum of the expected
values for 3H, configuration 5f U(IV) ion (3.58 ug) and spin-only value for S = 2 o
Co(0) ion (1.73 ug). The magnetic moment of complex 3 exhibits a gradual decrease
upon lowering the temperature from 300 K to 25 K (Figure S3). However, at the lower
temperature, complex 3 displays a slightincrease in ues, which is probably due to the
weak ferromagnetic interactions.

The effective magnetic moments of 4 and 5 were found to be 3.16 and 4.26 ug per
molecule at 300 K (Figures 4C and 4D), respectively, which are much lower than the
expected value for the sum of 52 U(IV) ion (3.58 ug) and spin-only value for S = 1 d®
Fe(0) ion (2.83 ug) or S = ¥ d” Fe(-l) ion (1.73 ug). The smaller magnetic moments
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Figure 4. M&ssbauer spectra and magnetic moment data of 4 and 5 on crystalline samples
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(A and B) Zero-field >’ Fe M&ssbauer spectra of 4 (A) and 5 (B) obtained at 80 K. The data (dots) and best fits (solid line) are shown. The parameters are d =

0.68 mm s and QS =2.64 mm s for 4and 8 = 0.55 mm s and QS = 3.29 mm s for 5, 3 is relative to a-Fe at RT.
(Cand D) The variable-temperature effective magnetic moment data of 4 (C) and 5 (D). The magnetic behaviors exhibit strong temperature dependency

which trends to zero at low temperatures, indicating U(IV) centers in these complexes.

could be ascribed to the partial electron rearrangement between U and Fe centers,
and this is supported by theoretical analysis (vide infra). With decreasing tempera-
ture, the magnetic moments of 4 and 5 slowly decrease to 2.76 and 3.49 ug at 50
K and drop sharply to 1.09 and 0.97 ug at 1.8 K, respectively. The curves of 4 and
5 are reminiscent of the variable-temperature magnetism of the species containing
a U(IV)-Rh double dative bond reported by Liddle and coworkers.”” The tempera-
ture dependency of magnetic moments for these complexes is consistent with a
singlet ground state 5f U(IV) center with an 3H, configuration.

DFT calculations
To gain further insight into the unusual U-Co and U-Fe interactions in complexes

2-5, calculations were carried out at the DFT level (B3PW91 functional). First, the
optimized geometries of the four complexes are in very good agreement with the
experimentally determined geometry (see Tables S7-510), and the U-M distances
are reproduced with a maximum deviation of 0.08 A. The bonding situation
was thus analyzed with the natural bonding orbital (NBO) approach. In 2, where
the U-Co bond is longer than the sum of the covalent radii, NBO analysis does
not indicate any substantial bonding interaction between U and Co. However, a

Chem 8, 1-15, May 12, 2022 7
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Table 1. Calculated NBO compositions of the U-M natural orbitals in complexes 3, 4, and 5

c-component TT-component TT-component
FSRum M% U% M3p:3d U 7s:7p:6d:5f M% U% M3p:3d  U7s:7p:6d:5f M% U% M 3p:3d U 7s:7p:6d:5f
3 074 81.27 1873 0:99 0:2:17:80 80.67 19.33  0:99 1:12:33:53 72.64 27.40 1:99 0:6:28:66
4  0.69 85.81 1419  0:99 3:5:30:62 84.31 15.69  0:99 0:2:17:80 82.19 17.81  0:99 1:3:25:70
5 071 80.34 19.66 0:99 0:6:34:58 82.70 17.30 0:99 0:1:28:70 83.72 1628 1:96 1:1:19:78

3c-2e bond U-Cl-Co is observed, which explains the relatively low U-Co Wiberg
bond index (WBI) of 0.14. Different spin states were optimized, and two spin states
were found to be very close in energy, as a quartet (three unpaired electrons) and a
sextet (five unpaired electrons). In both spin states, two unpaired spins are located at
the uranium center, in line with a U(IV) system, while the remaining one or three un-
paired spins are located at the cobalt, in line with LS or HS Co(ll). Interestingly, some
spin transfers from the U to the Co center (roughly 0.4 electrons), and this may
explain why the observed magnetic moment is lower than the expected moment
at RT. This was validated by a complete active space self-consistent field (CASSCF)
calculation in which the five electrons were distributed over eight orbitals. At this
level, the ground state remains a quartet but with a sextet contribution (28%), ex-
plaining the lower magnetic moment of complex 2. A similar study was carried out
on complex 3. At the NBO level, two U=Co triple bonds (Table 1) are found in com-
plex 3. The o + 21 bonds are found to be polarized toward Co (82%-72%). The
bonding interaction implies mainly the 5f of U (80% for the ¢ and 53%—66% for
the ) and a pure 3d orbital on Co. These bonding orbitals are depicted in Figure 5A
and were found to have a good proportion of covalency, as evidenced by the U-Co
WBI of 2.82. The lowest energy spin state in 3 is a septet (Table S11). This spin state
and the analysis of the unpaired spin values (1.62 for U and 1.38 for Co) are consis-
tent with the presence of U(IV) and Co(0) centers. As already found for complex 2,
some unpaired spin density is transferred from U(IV) to Co(0), so that the experi-
mental magnetic moment is lower than expected. As for complex 3, this is validated
by a CASSCF calculation in which six electrons are distributed over eight orbitals.
The ground state at this level is a septet, with contributions from the quintet (20%)
and the triplet (12%), consistent with the observed low magnetic moment.

Complex 4 also exhibits two U=Fe triple bonds, which are strongly polarized toward
Fe (82%-86%). The bonding interaction mainly involves the 5f orbitals on U (62% in
the 6 and 70%-80% in the 7) and pure 3d on Fe (Table 1). These bonding orbitals are
depicted in Figure 5B and are quite covalent (U-Fe WBI of 2.17). The WBI for the
U-Fe bond in complex 4 is lower than the WBI for the U-Co bond in 3, consistent
with slightly more strongly polarized bonds in 4 than in 3. Two spin states were found
to be close in energy—a quintet and a nonet—both in line with a U(IV)-Fe(0) complex
with Fe(0) either LS or HS. The lowest spin state is the nonet, and the unpaired spin
densities on U(1.88) and Fe(2.14) are consistent with a U(IV) and a Fe(0) HS. It should
be noted that once again some spin density transfer between the U and the Fe cen-
ters is occurring. As in 2 and 3, CASSCF calculations for 4 (eight electrons in eight
orbitals) give rise to a nonet ground state with some contribution from the quintet
(15%), consistent with the lower magnetic moment.

Finally, calculations were carried out on complex 5. Again, two U=Fe triple bonds
were found and are still strongly polarized toward Fe (80%-84%). The bonding anal-
ysis is very similar to that found in complex 4. Indeed, here the bonding interactions
also involve mainly the 5forbital on the U centers (58% for the o and 70%-78% in the
m) and pure 3d orbitals on Fe (Table 1). These bonding interactions are depicted in

8 Chem 8, 1-15, May 12, 2022
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Figure 5. Bonding U-M molecular orbitals for complexes 3, 4, and 5
(A-C) 3D representations of the U=M triple bonds in 3 (A), 4 (B), and 5 (C). Isopropyl moieties in P'Pr, for the 7t orbitals are omitted for clarity.

Figure 5C and are strongly covalent (U-Fe WBI of 2.93). The difference in covalency
between 4 and 5 could be attributed to the removal of the two U-Fe bridging chlo-
rine atoms in 5 that allows a better overlap between the 3d orbital of Fe and the 5f
orbitals of U. For this complex, the septet spin state is by far the lowest, which is
consistent with a U(IV) and a Fe(-l). The latter oxidation states are corroborated by
the analysis of the unpaired spin densities on U(1.75) and Fe(1.25). As in all other
complexes, some spin density transfer from U to Fe is observed. Again, this is
corroborated by CASSCF calculations (six electrons in eight orbitals) in which the
septet ground state shows a contribution from the quintet (18%).

Catalytic activity

The earth-abundant transition metals Co and Fe have been found to be efficient cat-
alysts in hydroformylation reactions.”’**? Although the complexes with U-Co and
10131517 o catalytic properties
have been reported for these species or any other complexes with U-M bonds.
With the heterometallic clusters 2, 3, 4, and 5 in hand, the catalytic activity for the
hydroboration of terminal alkynes was investigated. The hydroboration experiment

U-Fe bond have been known for many years,

Chem 8, 1-15, May 12, 2022 9
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// o . _ Bpin
cat. (5 mol%) Bpin
+ HBpin W + W
6 o-isomer B-isomer
7a 8a
entry Cat. T (°C) Yield (%)@ Selectivity (ou:f)
1 none 75 trace -
2 FeCl, 75 trace -
3 CoCl, 75 trace -
4 1 (TrenPUCI)P! 75 trace
5 CoCl, + TrenPH, RT 69 5:95
6 (PPhj)3CoCl RT 83 10:90
7 2 (TrenPUCoCI3) RT 71 90:10
8 3 ([Tren"UCoCl],)! RT 96 96:4
9 4 ([TrenPUFeCl]y) 75 (RT) 34 (trace) 35:65
10 5 ([TrenPUFely) 75 (RT) 20 (trace) 30:70

Figure 6. Screening of catalysts for alkyne hydroboration

Reaction conditions: compound 6 (0.1 mmol), HBpin (1.1 equiv), THF (1.5 mL).
2TH NMR yield.

bTren” = [N(CH,CH,NPPry)3].
2.5 mol% cat.

was performed using phenylacetylene as a model substrate and pinacolborane
(HBpin) as the boron source (Figure 6). The CoCl,, FeCl,, and complex 1 were found
to be inactive as catalysts for this model of hydroboration, even when reacted at
75°C for 24 h (entries 1-4). However, reactions catalyzed by the combination of
CoCl, with TrenPH3 (entry 5) and (PPh3)3CoCl (entry 6) give rise to the formation of
B-vinylboronate in good yield and selectivity. In contrast, complex 2 with a U-Co sin-
gle bond formed by the reaction of complex 1 with CoCl,, exhibits a moderate cat-
alytic activity and produces a-vinylboronate 7a in 71% yield (entry 7). Moreover,

complex 3 with two U=Co triple bonds displays excellent catalytic activity and selec-

tivity in the formation of a-vinylboronate 7a at RT and with a 2.5 mol% catalyst load

(entry 8), which is comparable with the best result reported previously.”' No hydro-

boration activity was observed when either complex 4 or 5 was used at RT in this

model reaction, and only poor yields and selectivity were observed at 75°C (entries
9 and 10), which is consistent with the less successful iron-catalyzed hydroboration of

alkynes.”” These experiments show that the cooperativity between uranium and co-

balt is important for the selective formation of the Markovnikov-type hydroboration

product 7a by the reaction of phenylacetylene with HBpin.

Encouraged by these initial results, we examined substrate scopes and limitations of
this alkyne hydroboration catalyzed by complex 3 (Figure 7; see also Figures S29—

S67). The hydroboration of phenylacetylene derivatives with electron-withdrawing

substituents affords a-vinylboronates (7b, 7¢, 7d, and 7e) with good yield and regio-

selectivity. Electron-donating substituted phenylacetylene, e.g., p-methoxypheny-

lacetylene, could also undergo this transformation to afford a-isomer with excellent

regioselectivity (7f). Heterocyclic alkyne derivatives (7g and 7h) are also suitable sub-

strates in this reaction, delivering a-isomers selectively in good yield. Aliphatic ter-

minal alkynes could deliver the corresponding a-vinylboronate as major products

10  Chem 8, 1-15, May 12, 2022
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3 (2.5 mol%) o )
R—=—= + HBpin —_— ) X Bpin
P THF, RT, 24 h R™ "Bpin R 5
6 o-isomer B-isomer
7 8
F FsC MeO,C
7a, 86% 7b, 73% 7c, 77% 7d. 71%
/P = 96/4 /B =93/7 /B =91/9 o/f = 96/4
Cl
MeO S N/
7e, 76% 7, 72% 79, 77% 7h, 80%
o/p =90/10 o/p = 96/4 a/B = 95/5 o/p = 94/6
/\/\)J\ ) /\)L ) Cl \/\)J\ /\)J\
Bpin Bpin Bpin TsO Bpin
7i, 70% 7j, 63% K, 77% 71, 60%
o/p =90/10 o/p =93/7 o/p =95/5 o/p = 66/34

7m, 81%
Z/E = 95/5

OMe

Figure 7. Scope for the hydroboration of alkynes using complex 3 as a catalyst
Yields were determined by isolated yield unless otherwise stated.

2'"H NMR yield.

bTotal "H NMR yield for o and B isomers.

“Total "H NMR yield for o and B isomers at 75°C (RT, trace).

(7i, 7j, 7k, and 71). An internal alkyne such as diphenylacetylene, can undergo this
transformation to form a Z-isomer (7m) in 81% isolated yield. However, increasing
the steric bulk of the substituent groups reduced the regioselectivity. For instance,
the selectivity was reversed in the case of p-tert-butyl substituted phenylacetylene
(7n) being employed in this reaction. In addition, when o-methoxyphenylacetylene
serves as the substrate, only trace product was observed at RT and a lower regiose-
lectivity was obtained (a/f = 54/46) at 75°C, which may be also due to the steric ef-
fect in this reaction (70). Moreover, when complexes 2 and 3 were used as catalysts
for the formation of product 7d, the a:B selectivity was 72:28 and 96:4, respectively.
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This result further confirms that complex 3 with two U=Co triple bonds exhibits
better selectivity than complex 2 for the formation of a-vinylboronate in the hydro-
boration of alkynes. Examples of catalytic reactions mediated by uranium complexes
have appeared in recent decades.®®®? For example, Meyer and coworkers reported
an example of uranium-mediated electrocatalytic production of H, from H,0.”””
Recently, Arnold and coworkers demonstrated that a dinuclear uranium complex
could bind Ny, mediating its reduction and functionalization to NH3.%° This uranium
complex can catalyze conversion of N; to a secondary silylamine. To the best of our
knowledge, however, uranium-mediated hydroboration of alkynes has not been re-
ported. Therefore, complex 3 represents the first example of a uranium species that
can be used as an effective catalyst for the hydroboration of terminal alkynes with
excellent Markovnikov selectivity.

Conclusions

In summary, a series of heterometallic clusters with U=M triple bonds have been
successfully isolated by the stabilization of an effective heptadentate N4P3 platform.
The heterometallic cluster (3) has two U=Co triple bonds and catalyzes the hydro-
boration of alkynes with HBpin, the first example of such a reaction achieved in ura-
nium systems. This reaction proceeds at RT and produces Markovnikov-type hydro-
boration products with excellent selectivity. This is the first example of a catalytic
process mediated by a heterometallic cluster with a U-M bond. The isolation of
these clusters with U=Fe and U=Co triple bonds represent a rare structurally
authenticated example of U-M multiple bonds. The presence of a U=M triple
bond strongly polarized toward M was revealed by density functional theoretical cal-
culations with a high covalency (WBI up to 2.93). Additionally, the bond length of
U1-Fe1 (1.9693(4) A) in 4 is the shortest U-M bond distance revealed by X-ray
diffraction to date. These results demonstrate that the multiple bonds between acti-
nide elements and transition metals are no longer an elusive bonding motif when an
effective scaffold is employed. The details of the catalytic mechanism and the scope
of the regioselective functionalization of alkynes catalyzed by these heterometallic
clusters deserve further investigation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Congqing Zhu (zcg@nju.edu.cn).

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability

Crystal data of 2, 3, 4, and 5 have been deposited at the Cambridge Crystallographic
Data Centre (CCDC) under reference numbers CCDC-2080895 (2), 2080896 (3),
2080897 (4), and 2080898 (5). These data can be obtained free of charge from the
CCDC (www.ccdc.cam.ac.uk/data_request/cif).
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Selective hydroboration of terminal alkynes
catalyzed by heterometallic clusters with

uranium-metal triple bonds
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uranium-catalyzed hydroboration of alkyne
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Understanding of the chemistry of M=M bonds that involve f-block elements is
significantly less developed compared with that of the d-block transition metals,
and the catalysis by heterometallic clusters with U-M bonds has not been realized.
Herein, Wang et al. describe the selective hydroboration of terminal alkynes
catalyzed by heterometallic clusters with uranium-cobalt triple bonds under mild
conditions, producing a-vinylboronates with good yields and regioselectivity.
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