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Safe Gold-Based Access to

Organouranium and Azide Complexes**

Robert K. Thomson, Christopher R. Graves, Brian L. Scott, and Jaqueline L. Kiplinger*

Gold has had a profound impact on organic chemistry; its
compounds are spectacular catalysts for many organic
transformations involving the formation of C-C, C-O, C-N and C-S
bonds,"> and have enabled unprecedented pathways for the
functionalization of C-H and C-C bonds** In general, gold
complexes have not been exploited as reagents in organometallic or
inorganic chemistry, although a few gold(I) aryl and alkynyl
compounds have been reported to undergo transmetalation with
transition metal complexes.” We have been developing methods for
functionalizing uranium complexes and have shown that Cu(I)-X
reagents effect the oxidation of uranium with formation of U-X
bonds, providing easy chemical control over uranium in oxidation
states ranging from U™ —UY'® Although a logical approach for the
direct generation of U-carbon and U-azide bonds, this Cu-based
platform is limited in scope as it only works for pure and isolable
copper compounds.” This is problematic given the instability of
organocuprates® and copper azides,” which can detonate violently as
isolated solids.'® As such, this route has been confined to the
synthesis of select uranium phenylacetylide complexes.®® Over the
past few years, a variety of stable gold(I) alkyl, alkenyl, aryl,
alkynyl, and azide complexes have been reported,'' propelling us to
investigate their potential as reagents within the oxidative
functionalization platform. Unlike the related Cu' systems, Au'
reagents are easily derivatized, and are safe to handle and isolate.

" Herein, we report that gold(I)-phosphine compounds can undergo a

new class of reaction, and are excellent reagents for the oxidative
functionalization of uranium with azide and carbon anions.

As depicted in Eq. (1), reaction of (Ph;P)Au-Me with
(CsMes),U(0-2,6-'Pr,C¢H3)(THF) (1) for 12 h at room temperature
results in full conversion of the U™ starting material to the U"
methyl derivative (CsMes),U(0-2,6-Pr,CsH;)(Me) (2) in 83% yield
after work-up. Note that in the reaction, the gold plates out of
solution allowing for easy separation from the reaction mixture.
Although requiring higher temperatures, (Ph;P)Au-Me also reacts
with the wuranium(IV) imido complex (CsMes),U(=N-2,6-
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'Pr,C¢H3)(THF) (3), and after 12 h at 50 °C affords the known
pentavalent uranium methyl complex (CsMes),U(=N-2,6-
"Pr,CeHs)(Me) (4), as determined by 'H NMR spectroscopy.* To
the best of our knowledge these are the first examples demonstrating
the oxidation and functionalization of organometallic species using

gold compounds.
/

iPr
/ Me M

- 'ér O ;
\U/ ipr 1.2 equiv (PhzP)Au-Me
\%\THF toluene, rt, 12 h

-Pth, -AU0
1 2, 83% yield
The molecular structure of compound 2 is presented in Figure 1
and features a bent-metallocene framework with the aryloxide and
methyl ligands contained within the metallocene wedge. At
2.470(6) A, the U- ~Cretny! distance observed in 2 compares favorably
with those found m other structurally characterized uranium(IV)
methyl complexes'? and the metrical parameters for the U-O- -Canyil

fragment (U-O, 2.126(4) A; U-O-C, 163.2(4)°) are in good
agreement with those found in the related iodide complex,
(CsMes)U(0-2,6-Pr,CeHa)(1)  (U-O, 2.114(6) A; U-0-C,

166.6(6)).%

We envisioned that use of the analogous (Ph;P)Au-CF; reagent
would lead to the corresponding uranium trifluoromethyl
complexes.''®  However, reaction of either (CsMes),U(0O-2.6-
Pr,CeH;3)(THF) (1) or (CsMes),U(=N-2,6-"Pr,C¢H;)(THF) (3) with
1.2 equiv (Ph;P)Au-CF; at room temperature resulted in quantitative
formation of the fluoride complexes (CsMes),U(O-2,6-"Pr,CeHs)(F)
(5)" and (CsMes),U(=N-2,6-'Pr,C¢H3)(F) (6),"" respectively [Eq.
(2)]. We propose that initial oxidation of 1 and 3 occurs as
evidenced by the plating of Au’, resulting in an unstable U-CF;
moiety which undergoes o-F elimination to give the fluoride
complexes and presumably difluorocarbene. Independent
confirmation that the CF, group was successfully transferred to the
uranium center by (Ph;P)Au-CF; was obtained from the reaction
between 5 and 6 with Me;SiCF;, which produced Me;SiF and the
fluoride complexes.

$e i,
U/ Pr 1.2 equiv (PhzP)Au-CF; U/ Pr
F

2
/O THF toluene, rt, 12 h Z @
-PhyP, -Au®
1,E=0 5E=0
3,E=N 6,E=N

Successful formation of (CsMes),U(0-2,6-Pr,CsHs)(F) (5)
was confirmed by a single crystal X-ray diffraction study. The
molecular structure of 5 is given in Figure 1, and is very similar to
that for 2, with the fluoride ligand replacing the methyl ligand. The
metrical parameters of the aryloxide ligand (U-0, 2.124(6) A; U-O-
C, 165.4(6)°) are very similar to those obtained for 2.
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Figure 1. Molecular structures of (CsMes),U(O-2,6-ProCsHs)(CHs) (2), (CsMes),U(O-2,6-Pr,CeHa)(F) (5), and (CsMes)U(O-2,6-Pr,CoHs)(Ns) (10)
with thermal ellipsoids projected at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles
(°) for (2): U(1)-O(1) 2.126(4), U(1)-C(33) 2.470(6), U(1)-O(1)-C(21) 163.2(4), O(1)-U(1)-C(33) 98.80(19). For (5): U(1)-O(1) 2.124(6), U(1)-F(1)
2.108(6), U(1)-O(1)-C(21) 165.4(6), O(1)-U(1)-F(1) 104.1(2). For (10): U(1)-O(1) 2.117(5), U(1)-N(1) 2.266(7), N(1)-N(2) 1.197(10), N(2)-N(3)
1.172(11), O(1)-U(1)-N(1) 100.7(2), U(1)-O(1)-C(21) 165.2(4), U(1)-N(1)-N(2) 157.9(6), N(1)-N(2)-N(3) 177.4(10).

The bond distance for the fluoride Jigand in 5 is 2.108(6) A, which
is very similar to those reported for the few other known U(IV)
fluoride complexes (~2.08-2.11 A)."?

Unlike copper, gold acetylides are easily prepared and stable
to isolation as solids.''® As such, this Au-based protocol enables
access to a spectrum of electronically diverse -C=C-R functional
groups as exemplified by the reaction of (CsMes),U(NPh,)(THF)
(7) with (Ph3P)Au(C=C-R) (R = 4-C4H4-Me or 4-C¢H,4-CF5) which
affords the corresponding U'Y-amide acetylide complexes
(CsMes),U(NPh,)(C=C-4-C4¢H4-Me) 8) and
(CsMes),U(NPhy)(C=C-4-C4H4-CF;) (9), respectively, in good
isolated yields [Eq. (3)]. Not only is this a facile route to a variety
of previously inaccessible uranjium acetylide complexes, but it also
demonstrates that this Au-based oxidative functionalization
chemistry is not unique to the U(Ill)-aryloxide system and can
tolerate different ancillary ligands."®

z% NPh % NPh,
N 1.2 equiv (Ph3P)Au-C=C-R \ /

U U ®)
\THF foluene, t, 12 h / \C\\\
-PhgP, -Au0 Gy

-~

8 R = 4-CgHa-Me, ##% yield
9 R = 4-CgH,-CF,, ##% yield
The structure of 8 is consistent with other previously
characterized acetylide complexes,®'® featuring a U-C bond
distance of 2.418(5) A and a C=C bond distance of 1.150(5) A. The
diagnostic C=C stretch for the acetylide complexes observed in the
IR spectra of 8 and 9 (xxxx.x and xxxx.x cm’, respectively) is
likewise similar to that seen for other metal acetylide complexes.
Copper azides are extremely dangerous and explosive,’® yet
gold(l) azide complexes such as (Ph;P)Au-N; are stable and easily
manipulated. The synthesis of (Ph;P)Au-N; has traditionally been
accomplished using azide salts (LiN;, NaN;) or hydrazoic acid
(HNj3), which are hazardous and toxic reagents."” However, we
found that (Ph;P)Au-N; can be reproducibly prepared in high yield
(>80%) by reaction of the known alkoxide (Ph;P)Au-O'Bu with
Me;Si-N; [Eq. (4)]."

ot TP |2 S
(PhsP)Au-O'Bu + Me3Si-Nj “MesSiOBu
As shown in Eq. (5), (Ph;P)Au-N; is a potent azide transfer
reagent which rapidly oxidizes (CsMes),U(0-2,6-Pr,CeH;)(THF)
(1) to the wranium(IV)-azide complex (CsMes)U(O-2,6-
Pr,C¢H;)(N3) (10) in minutes at room temperature. Again, gold
metal plates out of solution and is accompanied by a dramatic color
change from dark green to dark red with the new uranium azide
complex 10 being isolated in 78% yield after work-up. The transfer
of the azide group was monitored by IR spectroscopy, which shows
a strong stretch at 2086.2 cm™', which falls within the typical range
for uranium(I1V)-azide complexes (2080-2100 cm™)."

P %”Q
\U/O oy 1 equiv. (Ph3P)Au-Ng lJ/O ipr
toluene, nt, 12 h SN
Y
N\
SN

-PhgP, -Au®
1 10, 78% yield

Azides are known precursors to uranium nitride complexes,
which will be critical for understanding the fundamental behavior
and properties of the U=N unit in the potential alternative nuclear
fuel uranium nitride. As such, this Au-based protocol creates new
opportunities for preparing molecular uranium nitrides by enabling
access to novel mixed-ligand azide systems in which the electronic
density at the uranium metal center can be easily tuned by changing
the ancillary ligand.

Confirmation that the azide group had been oxidatively
transferred from (Ph;P)Au-N; to uranium was obtained by a
single crystal X-ray diffraction study (Figure 1). The molecular
structure for (CsMes),U(0-2,6-"Pr,C¢H;)(N3) (10) is similar in
constitution to complexes 2 and 5, but with a linear azide group
(N(1)-N(2)-N(3) = 177.4(10)°). Interestingly, the azide ligand is
bent with respect to the uranium(IV) center, with a U(1)-N(1)-
N(2) bond angle of 157.9(6)°. The U(1)-N(1) bond length of
2.266(7) A is comparable to other structurally characterized
uranium(IV)-azide complexes.'®?® Also, as for most metal azide
complexes, the N(1)-N(2) (1.197(10) A) and N(2)-N(3)

(PhzP)Au-N3 4)

(5

19,20
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(1.172(11) A) bond lengths are similar in 10, suggesting a
degree of delocalization of the m-electron density throughout the
azide group.

In conclusion, we have presented a general and versatile
Au(l)-based oxidation procedure that enables direct access to U-
C and U-Ng;qe bonds. The gold reagents are nontoxic, easily
derivatized, and safe to handle and isolate. This reaction
manifold represents a powerful strategy that complements
existing azide transfer and lithium and magnesium alkylation
methods and does not appear to be limited by metal oxidation
state or ancillary ligands. Clearly, gold chemistry is not just
unique for organic transformations and holds great promise for
similarly'advancing organometallic chemistry.

-

Experimental Section

For full synthetic details of all new complexes prepared, see the Supporting
Information.

General Oxidative Functionalization Procedure: The oxidation of U"
complexes with Ph;PAuX is performed in the same manner regardless of the
identity of X. The preparation of (CsMes);U(0-2,6-'Pr,.CsHy)(Ny) (10) is
given as a generic example. In a 125 mL Erlenmeyer flask equipped with a
vacuum side arm and magnetic stir bar, (CsMes),U(O-2,6-'Pr,CsH; (THF)
(253 mg, 0.33 mmol, | equiv.) was dissolved in 40 mL toluene. To the
stirring deep green solution was added solid Ph;:PAuN; (167 mg, 0.33 mmol,
1 equiv.), resulting in an immediate color change to dark red. The solution
was left to stir for 6 h at room temperature. The deep red solution was
filtered through a Celite-padded coarse-porosity fritted disk, and the Celite
pad was washed with toluene until the washings were colorless. Excess
solvent was removed from the filtrate in vacuo to give a dark red solid
residue. This was dissolved in hexanes and filtered through a Celite-padded
coarse-porosity fritted disk, which was washed with hexanes until the
washings were colorless. Excess solvent was removed from the filtrate in
vacuo to give red-orange crystals. Yield: 190 mg (78%). 'H NMR (CsDs,
300 MHz, 298 K): 8 7.69 (1H, d, *Jun = 7.8 Hz, m-Ar-H), 7.00 (1H, d, */un
= 8.1 Hz, m-Ar-H), 6.59 (1H, t, *Jus = 8.0 Hz, p-Ar-H), 6.05 (30H, s, CsMes),
-5.56 (6H, d, *Jii = 3.9 Hz, 'Pr-CH;), -13.18 (6H, s, 'Pr-CHs), -32.60 (1H, m,
'Pr-CH), -49.03 (1H, m, ‘Pr-CH). IR (Nujol, cm™): 2086.2. EIMS (m/):
xxx.x. Anal. Caled. C, 52.81; H, 6.51; N, 5.77. Found: C, xx.xx; H, x.xx;
N, x.xx.

Synthesis of Ph;PAuN;: In a 125 mL Erlenmeyer flask wrapped with Al
foil to exclude light, Ph;PAuO'Bu (2.12 g, 3.99 mmol, | equiv.) was
dissolved in 50 mL of THF and stirred at room temperature. To this solution
was added a solution of Me;Si-N; (2.30 g, 19.9 mmol, ~5 equiv.) dissolved
in THF. After 5 hours the reaction mixture was filtered through Celite, and
the filtrate was concentrated to dryness in vacuo. Allowing this reaction to
proceed for longer periods of time generally results in low yields through
decomposition. The off-white residue was washed with hexanes and
isolated by filtration and dried in vacuo. Yield: 1.85 g (93%). This complex
is indefinitely stable to decomposition if stored in a dark freezer. 'H NMR
(CsDg, 300 MHz, 298 K): 8 6.98 (9H, m, m/p-Ar-H), 6.84 (6H, m, o-Ar-H).
*'P NMR (CsDs, 121 MHz, 298 K): 8 30.4. IR (Nujol, cm™); xxxx.X.
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