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ABSTRACT: A salt metathesis synthetic strategy is used to access  «,  # jau , CHactivation AL o °C DipR
rare tantalum/coinage metal (Cu, Ag, Au) heterobimettallic ,Bu\} a//M‘(\NJ - 'Bu\“ \\\\\ $ {M%&J 2 T —<Nj
complexes. Specifically, complex [Li(THF),][Ta(C'Bu)- " J j . ! B W
(CH,Bu),], 1, reacts with (IPr)MCl (M = Cu, Ag, Au, IPr = ™ A i A’ ipP
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) to afford the ) o  stable
alkylidyne-bridged species [Ta(CH,Bu);(u-C'Bu)M(IPr)] 2-M. tautomerism equilibrium “’";(”?enmlet‘”
Interestingly, 7-bonding of group 11 metals to the Ta—C moiety M: < < etenys

promotes a rare alkylidyne alkyl to bis-alkylidene tautomerism, in

which compounds 2-M are in equilibrium with [Ta(CH'Bu)-

(CH,Bu),(u-CHBu)M(IPr)] 3-M. This equilibrium was studied in detail using NMR spectroscopy and computational studies.
This reveals that the equilibrium position is strongly dependent on the nature of the coinage metal going down the group 11 triad,
thus offering a new valuable avenue for controlling this phenomenon. Furthermore, we show that these uncommon bimetallic
couples could open attractive opportunities for synergistic reactivity. We notably report an uncommon deoxygenative carbyne
transfer to CO, resulting in rare examples of coinage metal ketenyl species, (‘BuCCO)M(IPr), 4-M (M = Cu, Ag, Au). In the case of
the Ta/Li analogue 1, the bis(alkylidene) tautomer is not detected, and the reaction with CO, does not cleanly yield ketenyl species,
which highlights the pivotal role played by the coinage metal partner in controlling these unconventional reactions.

H INTRODUCTION Scheme 1. Literature Precedents for Tantalum Alkylidyne

The 7m-activation of unsaturated hydrocarbons, such as alkenes, Reactivity with d-Block Metals

dienes, alkynes, or allenes, via coinage metals is well- previous work:

established'™"” and led to numerous methodologies and Me
applications, especially in organic chemistry and catalysis."* ™ +tmeda, e
Coinage metals are also known to efficiently coordinate to a _CeMlg 07 N

number of heteroelement-based 7-systems,”*~*” yet practical

applications of the latter still remain limited. Despite the Me.Mt
interest of metal—carbon triple bonds in organometallic By .
chemistry,"”®™>" the activation of M—C motifs via external d- H/,& A B”\\ /Cl

. T s e s PR . Ta—, idine Ta—Cl
block metal centers is still in its infancy. This is exemplified by pd A7 pyridine TN
the limited advancements observed in the context of tantalum N/ \Hi/c\c,v,ezph -PhCMe, N/ g Py

alkylidynes, primarily restricted to their interaction with zinc el w Mex

cations to the best of our knowledge.”” > Pfeffer and
coworkers reported for instance an alkylidyne-bridged Ta/Zn atypical bimetallic C—H activations.”” Yet to date coordination
species, which, in the presence of tmeda (tmeda = N,N,N’,N’-
tetramethylethylenediamine), triggers intramolecular C—H
bond activation (Scheme I-top).”> The same group also
described a Pd-bound Ta alkylidene alkyl complex which, upon
treatment with pyridine, leads to an unstable compound
tentatively assigned to a Pd-coordinated tantalum alkylidyne
(Scheme 1-bottom), but the latter could not be isolated.”
These pioneering examples suggest that external metal reagents
may serve as effective tools for controlling the reactivity of Ta
alkylidyne moieties, offering the possibility of promoting

of transition metals to Ta—C moieties has not been exploited
to trigger unusual reactivity.
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Given the unique advantage of coinage metals for z-bonding
to substrates, our interest was thus sparked in examining their
interaction with Ta alkylidynes. This exploration not only has
the potential to fine-tune the reactivity of the latter but could
also open up a promising avenue for initiating carbyne transfer
reactions. This is particularly noteworthy since the stabilization
of coinage metal carbynes is extremely challenging,”®*” despite
their high interest and potential applications in organic
chemistry and catalysis.

In this study, we illustrate that the tantalum alkylidyne
moiety can efficiently bind coinage metal centers, leading to
novel, well-defined, heterobimetallic compounds and triggering
unusual reactivity. Specifically, we document an unusual
deoxygenative carbyne transfer to CO,, resulting in rare
examples of coinage metal ketenyl M-C(fBu)=C=0 species
(M = Cu, Ag, Au). The synthesis of ketenyls has received a
notable surge in interest among organic and organometallic
chemists in the past years,”” % but these are typically prepared
from CO rather than CO,. Cu(I) and Ag(I) ketenyl species
were also proposed and debated as pivotal intermediates within
catalytic cycles, for instance in the Kinugasa reaction, but had
remained elusive and never isolated.*”*”~"" The bimetallic
reactivity reported here could therefore open up new
perspectives in carbyne transfer chemistry or catalysis.

B RESULTS AND DISCUSSION

As part of our work in the preparation of tantalum-based early/
late heterobimetallic complexes,71 7 we contemplated the use
of the ate-complex [Li(THF),][Ta(CtBu)(CH,tBu),], 1,>* as
an entry point via salt metathesis.”*”’® We determined the
solid-state structure of 1 by single crystal X-ray diffraction
(Figure 1), intending to establish a reference point for
comparing metrical parameters with other compounds
discussed in this study (Table 1).

The reaction between 1 and (IPr)CuCl affords the
heterobimetallic complex [Ta(CH,tBu);(u-CtBu)Cu(IPr)],
2-Cu (Scheme 2), which is isolated in excellent yield (93%).
Compound 2-Cu is diamagnetic. The "H NMR spectrum of 2-
Cu indicates that the three CH,tBu groups are equivalent in

Figure 1. Solid state structure of 1. Ellipsoids are represented with
30% probability. Hydrogen atoms have been omitted for clarity.
Selected distances (A) and angles (deg): Tal—Lil 2.872(5), Tal—C1
1.838(3), Tal—C6 2.170(3), Tal—Cll 2.177(3), Tal—Cl6
2.220(3), Lil—C1 2.223(6), Li1—C16 2.468 (6), Tal-C1—C2
166.4(2), Tal—C6—C7 131.2(2), Tal—-C16—C17 118.9(2).

solution, resulting in two signals at 0.68 and 1.28 ppm, for the
CH, and tBu moieties, respectively. The analysis of the
BC{'"H}-NMR spectrum of 2-Cu reveals a distinct character-
istic resonance at 286.52 ppm for the Ta—C alkylidyne
moiety,”””” akin to complex 1 (281.77 ppm). The Cyyc
carbene signal is observed at 185.57 ppm, which is consistent
with literature data for (IPr)Cu(I) species.*

The solid-state structure of 2-Cu, determined by XRD, is
shown in Figure 2 (top) and confirms the side-on coordination
of the alkylidyne to the cationic Cu(NHC)" fragment. The
Ta—C1 bond length (1.844(2) A) in 2-Cu is similar to that in
1 (1.838(3) A) and that in the monometallic terminal
alkylidyne complex Ta(CPh)(Cp*),(PMe;) (1.849(8) A).*
This distance is significantly shorter than that typically found
in ditantalum p-alkylidyne species [1.93—1.99 A]* or
tantalum neopentylidene complexes [1.90—2.03
A]S67L7HTHSITES g suggests that the Tal—C1 bond has a
significant triple bond character, as represented in the extreme
resonance form in Scheme 2-right. Similar distances are found
in related tantalum—zinc p-alkylidyne species [1.79—1.86
A]>°7% The negligible deviation of C2 from the Tal—Cl—
Cul plane (0.03(2) A) is consistent with a pseudosp
hybridized C1 center. The angle between the Tal—Cl1
centroid, Cul and C21 from the NHC ligand (174.0(2)°) is
close to linearity, a typical coordination geometry around
Cu(I) centers. The Cul—C21 distance (1.919(2) A) is in
agreement with literature data for copper(I)-NHC hetero-
bimetallic complexes,go’86 and the NHC carbon, C21, lies
almost exactly in the Tal—C1—Cul plane (mean deviation:
0.11(1) A).

Molecular compounds associating Ta and Cu are extremely
rare in the literature,” ~° and to our knowledge, there is no
structurally characterized tantalum/copper molecular complex
featuring an unsupported metal—metal interaction (i.e.,
without bridging ligands) reported to date. A search in the
CCDC database for Ta—Cu species, where the two metal
centers are separated by 2.7 A or less revealed only one recent
study from Buss and Maiola, who reported hydride-bridged
species, in which the Ta—Cu distances span the range [2.61—
2.90 A].”° The Ta—Cu distance in 2-Cu (2.7018(8) A) is
falling in this range, which is in between the sum of the
respective metallic radii (Ta: 1.343 A; Cu: 1.173 A; sum =
2.516 A)”" and covalent radii (Ta: 1.70 A; Cu: 1.32 A; sum =
3.02 A).”” This provides a potential avenue for metal—metal
interactions.

The silver and gold analogues, 2-Ag and 2-Au, were
synthesized in excellent yields (92% and 89%, respectively)
from the analogous reaction between 1 and (IPr)MCl (M =
Ag, Au). In all cases, the NMR spectra were consistent with a
single neopentyl and IPr environment, implying free rotation at
room temperature on the NMR time scale.

The solid-state structures for 2-Ag and 2-Au are reproduced
in Figure 2. Both compounds feature similar geometry, with
the C2 and C21 carbons lying in the same plane than the
Tal—C1-M1 (M = Ag or Au) core. The Tal—C1 distance is
elongated from 1.844(2) A in 2-Cu to 1.878(4) A in 2-Ag and
to 1.882(6) A in 2-Au. The M—C21 bond lengths (M = Ag,
2.122(3) A; M = Au, 2.082(5) A) are comparable to those in
different coinage metal NHC complexes reported in the
literature.””* Note that compounds associating tantalum with
silver or gold are exceedingly rare in the literature.”” Only one
complex, Ph;PAuTa(CNDipp)s (Dipp = 2,6-diisopropylphen-
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Table 1. Key Structural Parameters (Distances in A and Angles in °) for 1, 2-Cu, 2-Ag, 2-Au, and 3-Au”

1 2-Cu
Tal-M 2.872(5) 2.7018(8)
Tal-Cl 1.838(3) 1.844(2)
Tal-C6 2.170(3) 2.161(3)
Tal-Cl1 2.177(3) 2.167(2)
Tal-C16 2.220(3) 2.223(2)
M-Cl1 / 2.011(2)
M-C21 / 1.919(2)
Tal-M—-C21 / 166.4(1)
Tal-C1-C2 166.4(2) 157.3(2)
Tal-C6—C7 131.2(2) 132.7(2)

2-Ag 2-Au 3-Au
2.95(3) 2.9462(3) 2.9376(4)
1.878(4) 1.882(6) 2.05(1)
2.17(1) 2.163(6) 1.921(8)
2.176(4) 2.172(6) 2.165(9)
2.202(3) 2.174(6) 2.184(8)
2.176(7) 2.032(5) 2.121(7)
2.122(3) 2.082(5) 2.046(7)
161.3(4) 164.8(2) 144.6(2)
157(2) 149.8(4) 135.8(6)
136(2) 132.9(2) 166.1(7)

“For 2-Ag, average values between both molecules found in the asymmetric unit. M = Li, Cu, Ag, or Au.

Scheme 2. Salt Metathesis Preparation of the
Heterobimetallic Complexes [Ta(CH,tBu),(u-
CtBu),M(IPr)], 2-M (M = Cu, Ag, Au, IPr = 1,3-Bis(2,6-
diisopropylphenyl)imidazol-2-ylidene)

> ""THF
tBu 1
-LiCl
(Prymicl | Lick

‘Bu\ /<tBu Dipp fBu\ /tB“ Dipp

... N i, S] 4& ® [.\]
rTa*M\(J -~ r"Ta M\<J

tBu > /N tBu > /N

tBu Dipp t Di
M Bu PP

M = Cu, Ag, Au

Two extreme resonance forms are shown.

yl), which features an unsupported metal-metal bond of
2.7207(2) A, is reported in the CCDC database.

Interestingly, we observed that, in CgD4 solution (or
toluene-dg), complexes 2-M slowly tautomerize into 3-M
[Ta(CH#Bu)(CH,tBu),(u-CHtBu)M(IPr)] (M = Cu, Ag, Au,
Scheme 3-top). Such alkylidyne alkyl to bis(alkylidene)
tautomerism equilibrium (Scheme 3-bottom) is a rare
phenomenon. Such a rearrangement was first postulated by
Schrock and coworkers to account for the quantitative
formation of TaCp(CHtBu),(PMe;) from treating TaCp-
(CtBu)CI(PMe;), with Mg(CH,tBu),(dioxane)'** and has
then been documented in a few cases with W and Os
derivatives.”®”'"" In these examples from literature, the relative
stability of each tautomer depends on the nature of ancillary
ligands, yet structural preference is difficult to predict and
control. Still, in the case of (Me;SiCH,);W—CSiMe, Xue and
coworkers have demonstrated that the coordination of external
phosphine ligands such as PMe; could trigger this tautomeric
equilibrium, helping to stabilize of the bis(alkglidene)
tautomer (Me3SiCH2)2W(=CHSiMe3)2(PMe3).98’ 7 It is
important to mention here that C¢Dy4 solutions of compound
1 are stable over time at room temperature, and that the
bis(alkylidene) tautomer is not observed in the absence of
coinage metals.

Significantly, our findings reveal that the tautomeric
equilibrium is not only initiated but also remarkably influenced
by the choice of the coinage metal, as illustrated in Figure 3. In
the heterobimetallic Ta/Cu system, the equilibrium in CDg
solution at 30 °C predominantly favors the formation of
complex 2-Cu (2-Cu:3-Cu ratio at equilibrium 71%:29%). In
contrast, within the Ta/Ag system, the equilibrium shifts
toward 3-Ag, with an equilibrium ratio of 31 to 69% in favor of
3-Ag over 2-Ag at 30 °C. This shift is even more pronounced
in the Ta/Au system, where the equilibrium ratio between 2-
Au and 3-Au is 6% to 94%, demonstrating a significant
preference for the formation of 3-Au over 2-Au. These findings
underscore the sensitivity of the tautomeric equilibrium to the
specific late metal component in the complex, offering a
valuable avenue for controlling this phenomenon.

Complexes 3-Cu and 3-Ag were characterized in the
reaction mixture by conducting a comparative analysis of '*C
NMR spectra at both the initial time (t = 0) and at equilibrium
(at 298 K). The formation of the new copper carbene species,
3-Cu, was evidenced by the appearance of an additional Cu—
Cyac signal at 183.16 ppm, in addition to that found for 2-Cu
at 185.57 ppm (Figure 4b). *C NMR studies suggest that the
two alkylidene ligands in 3-Cu are fluxional in solution, which
is manifested by the appearance of a broad signal centered at
205.75 ppm (Figure 4c). This value falls in the lower end of
the range typical for Ta(V) neopentylylidenes.”"’>”* Similar
observations were made for the 2-Ag/3-Ag equilibrium
mixture; yet, in this case, the *C NMR signals display fine
structure due to coupling with naturally abounding spin 1/2
'77Ag and '®Ag isotopes. Consequently, the Cyyyc signal in 3-
Ag appears as a doublet of doublets at 190.59 ppm (I]Ag_c =
1454 and 167.0 Hz for 'Ag and '"Ag, respectively, see
Figure 4f), in agreement with the literature.””'”® The
neopentylidene signal in 3-Ag is observed as a broad doublet,
displaying a coupling constant of 30.3 Hz with silver (Figure
4f). These observations confirm the interaction of silver with
the NHC and both neopentylidene moieties in 3-Ag on the
NMR time scale.

Due to the pronounced equilibrium preference for 3-Au, we
successfully isolated and characterized it independently. At
room temperature, the NMR signals of complex 3-Au
displayed significant broadening, presenting challenges in
their assignment. This phenomenon is attributed to the rapid
exchange between the two Ta=CHitBu motifs at the NMR
time scale (see the VT '"H NMR data in Figure $37). Cooling
the sample to 253 K resulted in the emergence of three distinct
sharp signals in the carbene region at 229.51, 202.23, and
167.59 ppm, corresponding to the TaCHtBu, AuCyyc, and

https://doi.org/10.1021/jacs.4c02172
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Figure 2. X-ray determined solid state structures for 2-Cu (top), 2-Ag
(middle), and 2-Au (bottom). Ellipsoids are represented with 30%
probability. Disorder and hydrogen atoms have been omitted for
clarity. Two independent molecules were found in the asymmetric
unit of 2-Ag (Z' = 2), but one of them has been omitted for clarity.
Selected distances (A) and angles (deg) for 2-Cu: Tal—Cul

Figure 2. continued

2.7018(8), Tal—Cl 1.844(2), Tal—-Cé6 2.161(3), Tal—Cll1
2.167(2), Tal—C16 2.223(2), Cul—-C1 2.011(2), Cul—-C21
1.919(2), Tal—Cul—C21 166.4(1), Tal—C1-C2 157.3(2), Tal—
C6—C7 132.7(2); for 2-Ag: Tal—Agl 2.95(3), Tal—C1 1.878(4),
Tal—C6 2.17(1), Tal—C11 2.176(4), Tal—C16 2.202(3), Agl—C1
2.176(7), Agl—C21 2.122(3), Tal—Agl—C21 161.3(4), Tal-Cl—
C2 157(2), Tal—C6—C7 136(2); for 2-Au: Tal—Aul 2.9462(3),
Tal—C1 1.882(6), Tal—C6 2.163(6), Tal—C11 2.172(6), Tal1-C16
2.174(6), Aul—C1 2.032(S5), Aul—C21 2.082(5), Tal—Aul—C21
162.8(2), Tal—C1—C2 149.8(4), Tal—C6—C7 132.9(2).

Scheme 3. (Top) Equilibrium between the Alkylidyne-
Bridged Species 2-M and Alkylidene-Bridged Species, 3-M
(M = Cu, Ag, Au); (Bottom) Alkyl Alkylidyne/Bis-
alkylidene Tautomerism Equilibrium%_m1

H 4 t
/Bu Dipp 'Bu H//,,‘ Bu Dipp

<A NA

am DipP sm Dipp
M = Cu, Ag, Au

| -
—

tBu

Ta(u-CHtBu)Au motifs, respectively (see Figure 4d), con-
sistent with the proposed molecular structure. The bridging
neopentylidene *C NMR resonance is strongly high-field
shifted compared to the nonbridging neopentylidene moiety,
as was reported previously in a TaRh(u-CHtBu) species (6=
+170.1 ppm).”" Note that the neopentylidene a-H resonances
observed in the "H NMR spectra of complexes 3-M (M = Cu,
Ag, Au) appear in very upfield regions (1.5—2.2 ppm).
Althou%h typical values are comprised between +3 and +7
ppm,” #1019 there are a number of examples that deviate
from this range, demonstrating upfield resonances. For
instance, in compound Ta(=CHtBu)(CH,tBu),, the a-H
signal of the neopentylidene ligand in C,Dg solution at room
temperature appears at +1.9 ppm.'””'% Similarly, in other
compounds such as [Li][{Ta(CHtBu)(CH,tBu),}-
{IrH,Cp*},”* Tp'Ta(NMe,) (CHtBu)Cl, and Tp'Ta(CH¢Bu)-
Br,,'"® the neopentylidene resonance is found at +0.98; +1.68,
and +1.88 ppm, respectively.

Additionally, 3-Au was crystallized from pentane through
slow evaporation, and the solid-state structure was elucidated
using single crystal X-ray diffraction (Figure ). The Tal—C1
distance in 3-Au (2.05(1) A) is significantly elongated
compared to that in 2-Au (1.882(6) A), and the Tal—C6
bond length is shortened (1.921(8) A in 3-Au vs 2.163(6) A in
2-Au), as expected. As a result of H transfer, the geometry
around the C1 center shifts from pseudo trigonal planar in 2-
Au, to pseudo tetrahedral in 3-Au, as shown by the mean
deviation of C1 atom from the Tal—Aul—C2 plane (0.01(1)
A in 2-Au vs 0.49(1) A in 3-Au). The Tal—C6—C7 angle is
increased, from 132.9(2)° in 2-Au to 166.1(7)° in 3-Au. Such
obtuse anégle is frequently observed in primary alkyli-
denes,”"7#%51%9 35 a result of C—H agostic interaction, further
confirming the bis-alkylidene nature of complex 3-Au. Note
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Figure 3. (a—c) Evolution in the percentages of complexes 2-M and
3-M as a function of time in C¢Dg solution at 303 K. (d) 2M:3M ratio
at equilibrium. The equilibrium position is shifted as we move down
the group 11 metal column, favoring the tantalum bis-neopentylidene
over tantalum neopentyl neopentylidyne tautomer.

that the presence of this agostic interaction is confirmed by
DEFT calculations, showing short Au—H distance and elongated
C—H distance in the computed structure for 3-Au (see Figure
DFT-7 in Supporting Information). In NBO analysis, we also
see a stronger donation of the C—H bond to the Ta center for
3-Au. The distance between the Au atom and the Ta—Cl
multiple bond centroid is almost identical in 2-Au (2.37(1) A)
and 3-Au (2.35 A). This tends to suggest that the z-bonding of
the gold center to the tantalum carbon multiple bonds is
similar in both tautomers.

To better understand this phenomenon, DFT calculations
were carried out (B3PW91 functional) including or not
dispersion corrections. The optimized geometries of 2-Cu, 2-
Ag, 2-Au, and 3-Au compare well with the experimental ones
(see Supporting Information). The reaction profile for the
tautomerism reaction (Figure 6) implies a Ta-assisted
hydrogen transfer from the neopentyl to the alkylidyne. The
computed barrier is in the 30—31 kcal'mol™ range depending
on the metal, in line with the lack of inclusion of the coinage
metal at the transition state. It is interesting to note that the

Figure S. X-ray determined solid-state structure for complex 3-Au.
Ellipsoids are represented with 30% probability. Hydrogen atoms have
been omitted for clarity. Selected distances (A) and angles (deg):
Tal—Aul 2.9376(4), Tal—C1 2.05(1), Tal—C6 1.921(8), Tal—Cl11
2.165(9), Tal—C16 2.184(8), Aul—-C1 2.121(7), Aul—-C21
2.046(7), Tal—Aul—C21 144.6(2), Tal-C1—C2 135.8(6), Tal—
C6—C7 166.1(7).

formation of 3-Cu from 2-Cu is slightly endothermic by 0.8
kcal.-mol ™!, which fits with the experimental observation of 2-
Cu being more stable than 3-Cu (experimental ratio 2-Cu:3-
Cu 71%:29%). In the Ag and Au cases, the formation of 3-Ag
and 3-Au is exothermic by 0.1 and 1.4 kcal-mol™, respectively,
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Figure 6. Computed energy profile at room temperature for the
tautomerism reaction 2-M = 3-M. The energies are given in kcal-
mol™".

in line with the experimental observation (2-M:3-M ratio for
M = Ag 31%:69% and for M = Au 6%:94%). It is interesting to
notice that the inclusion of the dispersion correction does not
improve the result and even does not fit with the experimental
thermodynamic parameters (the reaction is becoming very
endothermic for Cu). Analyses of the computed metrical
parameters and charges suggest that the Au—C ,pyne
interaction is weaker than the Ag—C,,pye and Cu—C,ypyne
interactions. This trend is corroborated by natural charge
calculations (see Figure DFT-S in Supporting Information),
where, overall, the charge on gold (+0.31) is smaller than those
on Ag (+0.44) and Cu (+0.46) in compounds 2-M, which
could promote such tautomerism.

To illustrate the potential of these new bimetallic
architectures to promote cooperative reactivity, we studied
the reaction of complexes 2-M with a CO, atmosphere (ca. 0.7
mbar, 2 equiv). The reaction was carried out in pentane at —80
°C for 10 min and then at room temperature for 1h. This led
to the precipitation of the ketenyl complexes, (‘BuCCO)M-
(IPr), 4M (M = Cu, Ag, Au, see Scheme 4), which were

Scheme 4. Reaction of Compounds 2-M with CO,
Producing the Ketenyl Complexes (‘BuCCO)M(IPr), 4-M
(M = Cu, Ag, Au)

‘Bu / Di
. pp
»m Dipp 4-M

M = Cu, Ag, Au M = Cu, Ag, Au

isolated as white solids in 48% to 77% yields. The moderate
yield is attributed, at least in part, to the partial solubility of
compounds 4-M in pentane, which is employed for washing
the materials.

Complexes 4-M were fully characterized by NMR and IR
spectroscopy. The '"H NMR spectra show a singlet at § = 1.15
ppm attributed to the tBu group in 4-Cu (corresponding signal

found at 6 = 121 and 1.16 ppm for 4-Ag and 4-Au,
respectively). In the *C NMR spectra, the ketenyl moiety
gives rise to characteristic signals at 6 = 169.89, 169.38, and
181.19 ppm for the central C atom and & = 24.39, 23.70, and
32.00 ppm for C, in 4-Cu, 4-Ag, and 4-Au, respec-
tively.*"" 17" The Cyyc C NMR signals are found at
183.83 ppm for 4-Cu, 189.20 ppm for 4-Ag, and 193.39 ppm
for 4-Au, as expected.”” In the DRIFT spectra, the strong
absorption bands at 2012 cm™ for 4-Cu, 2016 cm ™" for 4-Ag,
and 2027 cm™' for 4-Au confirm the presence of the ketenyl
fragment (see Figure S66). This infrared ©(CCO) absorption
is red-shifted in comparison to the typical range for ketenes
(2120-2070 cm™!).5*!3711S For comparison, in the related
compounds [M](CCO)tBu (where [M] = Et;Ge, Bu,Sn), the
correspondin§ stretches appear at 2070 and 2060 cm’,
respectively, © and two recent articles describing ketenyl
derivaétli\;is reported v(CCO) absorptions at 2047 and 2030
m~L.oY

Conclusive evidence of the ketenyl moiety arises from the X-
ray diffraction structure of compound 4-Cu, which is shown in

Figure 7. The short C1—C2 and C2—01 bond lengths as well

Figure 7. X-ray determined solid state structure for compound 4-Cu.
Ellipsoids are represented with 30% probability. Hydrogen atoms have
been omitted for clarity. Selected distances (A) and angles (deg):
Cul—C1 1.908(4), Cul—C7 1.891(4), C1-C2 1.273(7), C2—-01
1.201(6), C1-C3 1.542(7), C1—Cul—C7 176.5(2), C1-C2—-01
174.8(4), C3—C1—C2 126.0(4).

as wide C1—-C2—01 angle (1.273(7) A, 1.201(6) A, and
174.8(4)°, respectiveléy) suﬁplport assignment as a 77'C(tBu)=
C=0 ketenyl motif.”"*>*>"'>!1® The Cu(I) center adopts a
linear geometry (C1—Cul—C7 angle = 176.5(2)°), and the
Cul—C1 and Cul—C7 bond lengths (1.908(4) A and
1.891(4) A, respectively) are akin that found in NHC
copper(I) aryl complexes.''”

Ketenyl compounds have been relatively scarce in the
scientific literature, even thou§h there has been a notable surge
in interest in the past years."~°° Copper and silver ketenyl
species have been proposed and debated as pivotal
intermediates within catalytic cycles, for instance in the
Kinugasa reaction.””®’~"" Despite their theoretical signifi-
cance, these species remained elusive and were never isolated
to the best of our knowledge, underscoring the scientific
interest and relevance of compounds 4-M.

The originality of this family of ketenyl compounds is not
confined to its structural features; it also extends to the
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Figure 8. Computed reaction pathway of the formation of 4-Cu at room temperature. The energies are given in kcal'mol™".

uniqueness of its synthetic route. Traditionally, the prevalent
approach to synthesizing ketenyl species relies on their
preparation from carbon monoxide (CO). To the best of
our knowledge, only one example of carbon dioxide cleavage
leading to the formation of a ketenyl fragment was described in
the literature.'"® The proposed mechanism involves initial CO,
cycloaddition on a tungsten alkylidyne complex, [CF;—
ONO]W—CCtBu(THF),, to generate a heterometallacyclo-
butene, which then rearranges to yield a tungsten-oxo and the
ketenyl moiety in [CF;—ONOJW—O[C(tBu)CO]. A com-
parable mechanism may be proposed here, involving the
putative formation of a [(CH,tBu);Ta=0],, species and then
subsequent transfer of the ketenyl moiety to the M(IPr)
fragment (M = Cu, Ag, Au). Regrettably, our attempts to
definitely identify or isolate this tantalum-oxo coproduct were
unsuccessful despite major efforts, primarily due to the very
high solubility of the compound and the likelihood of it
adopting various oligomeric structures in solution. In light of
the burgeoning of emerging and novel heterobimetallic CO,
cleavage pathways documented in the literature,""”™"* it is
also conceivable that a concerted carbon dioxide activation
may occur across the tantalum-coinage metal centers.

We further investigated the reaction of the Ta/Li carbyne
complex 1 with CO, (2 equiv) in pentane under the same
experimental conditions. This reaction yielded a precipitate,
indicative of a chemical transformation taking place. However,
the complexity of this reaction was evidenced by the analysis of
this solid using 'H NMR spectroscopy, which revealed the
formation of a mixture comprising numerous species (see
Figure S64). Despite our efforts, the identification of these
products remained elusive. This observation underscores the
complexity of the reaction mechanism and highlights the
pivotal role played by the coinage metal partner in stabilizing
the ketenyl fragment in this reaction.

To shed light on the possible mechanisms explaining the
unusual formation of complex 4, DFT calculations (B3PW91)
have been performed (Figure 8). The reaction begins by the
formation of a van der Waals adduct of CO, to 2-Cu, which is
endothermic by 6.5 kcal-mol™.. To form this adduct, CO, has
to open some space in between the Dipp and tBu ligands
explaining the positive enthalpy of formation. From this
adduct, CO, undergoes a [2 + 2] cycloaddition on the Ta—
C—1tBu bond with an associated low barrier (10.3 kcal-mol™).
Following the intrinsic reaction coordinate, it yields to a stable
metallacyclobutane-type intermediate (—21.8 kcal-‘mol™). In
this intermediate, the carbon of the former alkylidene interacts
with both Ta and Cu, while the carbon of CO, is not
interacting with any metal. The coordination of the carbon of
CO, to Cu allows the activation of the C—O bond of this
stable intermediate. The associated barrier is 11.3 kcal-mol™" in
line with a kinetically facile reaction. This ultimately yields
complex 4-Cu and the formation of a Ta=0 complex, which
are found to be highly stable (—44.2 kcal'mol™").

B CONCLUSION

A salt metathesis synthetic strategy has been used with success
to access rare tantalum/coinage metals heterobimetallic
complexes [Ta(CH,Bu);(u-C'Bu)M(IPr)] 2-M (M = Cu,
Ag, Au, IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene) in high yields. Despite the large body of fundamental
work dedicated to the study of transition metal alkylidene and
alkylidyne complexes, the alkylidyne/alkyne tautomerism
equilibrium is a rarely observed phenomenon. Here, we
show for the first time that the addition of an external coinage
metal center, with affinity for #-bonding to the tantalum—
carbon multiple bond, can be used as a strategy to trigger and
tune this unusual tautomerism equilibrium (Cu < Ag < Au).
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Given the importance of metal alkyllidynes/alkylidenes in
catalysis, this work could open new avenues for reactivity.

Furthermore, we show that these uncommon heterobime-
tallic complexes could open attractive opportunities for
synergistic reactivity. We notably report an unusual deoxy-
genative carbyne transfer to CO, resulting in rare examples of
coinage metal ketenyl species, (‘BuCCO)M(IPr), 4-M (M =
Cu, Ag, Au). Interestingly, in the case of the Ta/Li analogue 1,
the bis(alkylidene) tautomer is not detected, and the reaction
with CO, does not cleanly yield ketenyl species, which
highlights the pivotal role played by the coinage metal partner
in controlling these unconventional reactions. This innovative
reactivity could open up new avenues for exploring various
synthetic possibilities in the fast-growing field of ketenyl
species.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all reactions
were performed either using standard Schlenk line techniques or in an
MBRAUN glovebox under an atmosphere of purified argon (<1 ppm
of 0,/H,0). Glassware and cannulas were stored in an oven at ~100
°C for at least 16 h prior to use. THF and n-pentane were purified by
passage through a column of activated alumina, dried over Na/
benzophenone, vacuum-transferred to a storage flask, and freeze—
pump—thaw degassed prior to use. Deuterated solvents (toluene-dg,
THF-dg, and C¢D4) were dried over Na/benzophenone, vacuum-
transferred to a storage flask, and freeze—pump—thaw degassed prior
to use. Compound [Ta(CH,Bu);(CHBu)] was prepared according
to the literature procedure.’” All other reagents were acquired from
commercial sources and used as received.

IR Spectroscopy. The samples were prepared in a glovebox
(diluted in dry KBr), sealed under argon in a DRIFT cell fitted with
KBr windows, and then analyzed using a Nicolet 670 FT-IR
spectrometer.

Elemental Analyses. Elemental analyses were performed under
an inert atmosphere at Mikroanalytisches Labor Pascher, Germany.

X-Ray Structural Determinations. Experimental details regard-
ing single-crystal XRD measurements are provided in the Supporting
Information. CCDC 2310994—2310999 contain supplementary
crystallographic data for this article. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
viawww.ccdc.cam.ac.uk/structures.

NMR Spectroscopy. Solution NMR spectra were recorded on
Bruker AV-300 and AV-500 spectrometers. 'H and "*C chemical
shifts were measured relative to residual solvent peaks, which were
assigned relative to an external TMS standard set at 0.00 ppm. 'H and
BC NMR assignments were confirmed by 'H—'H COSY, 'H-"*C
HSQC, and HMBC experiments. NMR data recorded as follows:
chemical shift (§) [multiplicity, coupling constant(s) J (Hz), relative
integral], where multiplicity is defined: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet or combinations thereof, and
prefixed br = broad.

Synthesis of [Li(THF),][Ta(CH,'Bu)3(C'Bu)] (1). This synthesis
was adapted from a published procedure.’> A 0.77 mL hexane solution
of n-BuLi (1.6 M, 1.23 mmol, 1.1 equiv) was added dropwise, at —40
°C, to a 10 mL orange pentane solution of [Ta(CH,Bu);(CHBu)]
(500 mg, 1.08 mmol, 1.0 equiv) and THF (0.35 mL, 4.32 mmol, 4.0
equiv). The resulting solution was stirred at room temperature for 1 h.
Then, the volatiles were removed under vacuum, yielding a yellow
solid. This powder was dissolved in the minimum amount of pentane
(ca. 6 mL) and stored at —40 °C for 16 h, yielding after filtration and
drying under vacuum compound 1 as orange crystals (412 mg, 62%
yield). 'H NMR (300 MHz, C4D¢, 298 K) 8 ppm 3.56 (m, 8H, THF),
1.61 (s, 9H, CC(CH,;)5), 1.44 (s, 27H, 3 CH,C(CH,;)5), 1.35 (m, 8H,
THF), 0.65 (s, 6H, 3 CH,Ta). *C{'H}-NMR (126 MHz, C¢Ds, 298
K) 6 ppm 281.77 (br s, 1C, TaCC(CH,;);), 101.46 (s, 3C,
TaCH,C(CHS,),), 68.88 (s, 4C, THF), 50.74 (s, 1C, TaCC(CHS,)s),
36.99 (s, 3C, TaCC(CH,);), 36.22 (s, 9C, TaCH,C(CHj)5), 35.00

(s, 3C, TaCH,C(CH;);), 25.37 (s, 4C, THF). Anal. calcd for
CogHegLiO,Ta: C, 54.71; H, 9.51. Found: C, 54.84; H, 9.52.

Synthesis of [Ta(CH,'Bu);(u-C'Bu)Cu(IPr)] (2-Cu). A 10 mL
pentane solution of [Li(THF),][Ta(CH,Bu);(C'Bu)] (300 mg, 0.49
mmol, 1.0 equiv) was added dropwise at room temperature to a
suspension of (IPr)CuCl (237 mg, 0.49 mmol, 1.0 equiv) in 4 mL of
pentane. The resulting solution was stirred at room temperature for 1
h. The solution was filtered to remove the white LiCl precipitate.
Then, the volatiles were removed under vacuum, yielding 2-Cu as an
orange solid (415 mg, 93% yield). Orange block single crystals of 2-
Cu suitable for XRD studies were grown by slow recrystallization of a
pentane saturated solution at —40 °C over a period of 16 h. '"H NMR
(500 MHz, C¢Dg, 298 K) & ppm 7.21-7.14 (m, 2H, 2 para CH™),
7.09 (d, ¥Jiyan = 7.7 Hz, 4H, 4 meta CHY), 6.46 (s, 2H, N—CH=
CH-N), 3.04 (hept, *J\y_1q = 6.8 Hz, 4H, 4 CH(CH,),), 1.40 (d,
3 = 6.8 Hz, 12H, 2 CH(CH,),), 1.38 (s, 9H, TaCC(CHS,)5),
1.28 (s, 27H, TaCH,C(CHs;);), 1.00 (d, *J;y_1y = 6.8 Hz, 12H, 2
CH(CHs;),), 0.68 (s, 6H, 3 TaCH,C(CH,);). *C{’'H}-NMR (126
MHz, CDy, 298 K) & ppm 286.52 (s, 1C, TaCC(CHs;)5), 185.57 (s,
1C, CuCNHC), 145.17 (s, 4C, 4 C*iPr), 136.38 (s, 2C, 2 C*N),
130.32 (s, 2C, 2 paraCH™), 124.89 (s, 4C, 4 metaCH?), 123.13 (s,
2C, N-CH=CH-N), 104.79 (s, 3C, 3 TaCH,C(CHS,),), 51.03 (s,
1C, TaCC(CHs;),), 37.76 (s, 3C, TaCC(CH,);), 36.08 (s, 9C, 3
TaCH,C(CHj,);), 35.33 (s, 3C, 3 TaCH,C(CHj;);), 28.92 (s, 4C, 4
CH™), 25.27 (s, 4C, 4 CH,™), 23.98 (s, 4C, 4 CH;™). Anal. calcd for
C4H,5sCuN,Ta: C, 61.65; H, 8.59; N, 3.06. Found: C, 61.54; H, 8.47;
N, 3.03.

Synthesis of [Ta(CH,'Bu);(u-C'Bu)Ag(IPr)] (2-Ag). A 6 mL
pentane solution of [Li(THF),][Ta(CH,Bu);(C'Bu)] (200 mg, 0.32
mmol, 1.0 equiv) was added dropwise to a suspension of (IPr)AgCl
(168.6 mg, 0.32 mmol, 1.0 equiv) in 4 mL of pentane. The resulting
solution was stirred at room temperature for 1 h. The solution was
filtered to remove the white precipitate (LiCl). Then, the volatiles
were removed under vacuum, yielding 2-Ag as an orange solid (280
mg, 92% yield). Orange block single crystals of 2-Ag suitable for XRD
studies were grown by slow recrystallization of a pentane saturated
solution at —40 °C over a period of 16 h. '"H NMR (500 MHz, C¢Ds,
298 K) & ppm 7.25—7.18 (m, 2H, 2 para CH™), 7.09 (d, *Jjy_1y =
7.8 Hz, 4H, 4 meta CH™), 6.39 (d, 4]13c-1o9Ag = 4]13C—107Ag = 1.0 Hz,
2H, N-CH=CH-N), 2.78 (hept, *Jiy_1y = 6.8 Hz, 4H,
CH(CH,),), 1.43—1.31 (m, 21H, 2 CH(CH,;), and TaCC(CH,),),
1.29 (s, 27H, TaCH,C(CHs;);), 1.02 (d, ¥Jiy_1u = 6.9 Hz, 12H, 2
CH(CH,),), 0.74 (s, 6H, 3 TaCH,C(CH,);). *C{’'H}-NMR (126
MHz, C4Dg, 298 K) & ppm 286.26 (d, 'Ji3c_109a¢ = 66.96 Hz and d,
Yisc—107ag = 57.89 Hz, 1C, TaCC(CH,)3), 192.03 (d, Ji3c-100ng =
177.05 Hz and d, "Ji3c_107ag = 154.16 Hz, 1C, AgC"©), 145.45 (s,
4C, 4 CMiPr), 136.29 (brs, 2C, 2 C*N), 130.67 (s, 2C, 2 paraCH™),
124.80 (s, 4C, 4 metaCH™), 123.43 (d, *J13c_100a¢ = Jizc—107ag = 4-85
Hz, 2C, N_QHZQH_N); 103.73 (d: 2]13C—109Ag = 2]13C—107Ag =245
Hz, 3C, 3 TaCH,C(CH;)3), 5043 (d, 2]13C—109Ag = 2]13C—107Ag =3.70
Hz, 1C, TaCC(CH,)s), 38.44 (d, 2]13C—109Ag = 2]13C—107Ag = 3.40 Hz,
3C, TaCC(CH,);), 36.15 (s, 9C, 3 TaCH,C(CH,);), 35.30 (s, 3C, 3
TaCH,C(CH,);), 28.89 (s, 4C, 4 CH™), 24.57 (s, 4C, 4 CH,™),
24.39 (s, 4C, 4 CH;™). Anal. caled for C,;H,3AgN,Ta: C, 58.81; H,
8.19; N, 2.92. Found: C, 58,97; H, 8,20; N, 2,95.

Synthesis of [Ta(CH,'Bu);(z-C'Bu)Au(IPr)] (2-Au). A 6 mL
pentane solution [Li(THF),][Ta(CH,Bu);(C'Bu)] (200 mg, 0.32
mmol, 1.0 equiv) was added dropwise to a suspension of (IPr)AuCl
(217 mg, 0.35 mmol, 1.1 equiv) in 4 mL of pentane. The resulting
mixture was stirred at room temperature for 1 h. The solution was
then filtered to remove the white precipitate (LiCl). Subsequently, the
volatiles were removed under vacuum, yielding 2-Au as an orange/
brown solid (390 mg, 89% yield). Single crystals of 2-Au, suitable for
X-ray diffraction (XRD) studies, were grown by slow recrystallization
of a pentane saturated solution at —40 °C over a period of 16 h. 'H
NMR (500 MHz, C;Dy, 298 K) & ppm 7.24 (t, J;1y_1i = 7.8 Hz, 2H,
2 para CH™), 7.10 (d, *J,y_1y = 7.8 Hz, 4H, 4 meta CH™), 6.33 (s,
2H, N-CH=CH-N), 2.85 (hept, *J;y_1y = 6.9 Hz, 4H, CH(CHj,),),
142 (d, ¥y = 69 Hz, 12H, 2 CH(CH,),), 1.37 (s, 9H,
TaCC(CHs,),), 1.28 (s, 27H, TaCH,C(CH,),), 1.04 (d, ¥, = 6.8
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Hz, 12H, 2 CH(CH,),), 0.75 (s, 6H, 3 TaCH,C(CH,),). “C{'H}-
NMR (126 MHz, C,D, 298 K) & ppm 293.24 (s, 1C, TaCC(CH,),),
202.89 (s, 1C, AuCNHC), 145.50 (s, 4C, 4 CAiPr), 136.27 (s, 2C, 2
CMN), 130.66 (s, 2C, 2 para-CH*), 124.84 (s, 4C, 4 meta-CH™),
123.13 (s, 2C, N-CH=CH-N), 108.48 (s, 3C, 3 TaCH,C(CHs);),
50.21 (s, 1C, TaCC(CH,;);), 38.45 (s, 3C, TaCC(CHj;),), 36.09 (s,
9C, 3 TaCH,C(CHs;),), 35.89 (s, 3C, 3 TaCH,C(CH,),), 28.93 (s,
4C, 4 CH™), 24.49 (s, 4C, 4 CH,™), 24.15 (s, 4C, 4 CH,™). Anal.
caled for C,;H,3AuN,Ta: C, 53.81; H, 7.49; N, 2.67. Found: C, 54.02;
H, 7.48; N, 2.63.

Characterization of [Ta(CH,'Bu),(z-CH'Bu),Cu(IPr)] (3-Cu).
This product could not be isolated, but was characterized from the
equilibrium mixture of 2-Cu and 3-Cu. This mixture was obtained by
dissolving S0 mg of complex 2-Cu in 1 mL of C4Dg in a Young-type
NMR tube and allowing it to sit at room temperature for 24 h. 'H
NMR (500 MHz, C¢Dg, 298 K) & ppm 7.22—7.14 (m, 2H, 2 para
CH™), 7.09 (d, *J;y_1n = 8.1 Hz, 4H, 4 meta CH™), 6.33 (s, 2H, N—
CH=CH-N), 2.81 (hept, *J;y_1y = 6.8 Hz, 4H, 4 CH(CH,),), 1.48
(s, 2H, 2 TaCHC(CH,;),), 1.42—1.35 (m, 30H, 2 CH(CH,), and 2
TaCHC(CHs,),), 1.34 (s, 18H, 2 TaCH,C(CH,);), 1.00 (d, *J;g_1x =
6.8 Hz, 12H, 2 CH(CHs),), 0.38 (s, 4H, 2 TaCH,C(CH,);).
BC{'H}-NMR (126 MHz, CDy, 298 K) § ppm 205.75 (s, 2C, 2
TaCHC(CH,);), 183.16 (s, 1C, CuCV¢), 145.40 (s, 4C, 4 CMiPr),
135.62 (s, 2C, 2 C*N), 131.03 (s, 2C, 2 paraCH™), 124.66 (s, 4C, 4
metaCH™), 123.33 (s, 2C, N—CH=CH-N), 93.43 (s, 2C, 2
TaCH,C(CHj;),), 45.58 (s, 2C, 2 TaCHC(CH,;),), 37.15 (s, 6C,
2TaCHC(CH,);), 36.35 (s, 6C, 3 TaCH,C(CH,);), 34.17 (s, 2C, 2
TaCH,C(CH,;);), 28.92 (s, 4C, 4 CH™), 24.98 (s, 4C, 4 CH,™),
24.10 (s, 4C, 4 CH,™).

Characterization of [Ta(CH,'Bu),(u-CH'Bu),Ag(IPr)] (3-Ag).
This product could not be isolated but was characterized from the
equilibrium mixture of 2-Ag and 3-Ag. This mixture was obtained by
dissolving 50 mg of complex 2-Ag in 1 mL of C4Dg in a Young-type
NMR tube and allowing it to sit at room temperature for 24 h. 'H
NMR (500 MHz, C,D, 298 K) § ppm 7.26—7.20 (m, 2H, 2 para
CH"), 707 (d, Jijgu = 7.8 Hz, 4H, 4 meta CHY), 6.34 (d,
4]13C7109Ag = 4]13C7107Ag = 1.0 Hz 2H, N—CH=CH-N), 2.65 (hept,
3 oin = 6.8 Hz, 4H, 4 CH(CHS,),), 2.10 (s, 2H, 2 TaCHC(CH,)5),
1.42—1.35 (m, 30H, 2 CH(CH;), and 2 TaCHC(CH,),), 1.33 (s,
18H, 2 TaCH,C(CH;);), 1.02 (d, *fiu_u = 69 Hz, 12H, 2
CH(CHs,),), 047 (s, 4H, 2 TaCH,C(CH,);). *C{'H}-NMR (126
MHz, C¢Dy, 298 K) & ppm 207.10 (d, 1]13c—109Ag = 1]13C—107Ag =30.29
Hz, 2C, TaCHC(CHj,);), 190.59 (d, Ji3c—100ag = 166.95 Hz and d,
Yisc—1omg = 14541 Hz, 1C, AgCMC), 14549 (s, 4C, 4 CiPr),
135.61 (brs, 2C, 2 C*N), 130.99 (s, 2C, 2 paraCH™), 124.63 (s, 4C,
4 metaCH™), 123.37 (d, *J13c-100ag = Jisc—107ag = 4.74 Hz, 2C, N—
CH=CH-N), 94.63 (s, 2C, 2 TaCH,C(CH,)5), 45.00 (d, *J;3¢-109ag
= 2]13C-107Ag = 1.10 Hz, 2C, TaCHQ(CH3)3), 37.20 (d, 2]13C—109Ag =
Jisc—107ag = 120 Hz, 6C, TaCHC(CH,);), 35.62 (s, 6C, 2
TaCH,C(CH,)3), 34.07 (s, 2C, 2 TaCH,C(CH,),), 28.97 (s, 4C, 4
CH™), 24.70 (s, 4C, 4 CH,™), 24.40 (s, 4C, 4 CH,™).

Synthesis of [Ta(CH,'Bu),(CH'Bu)(z-CH'Bu)Au(IPr)] (3-Au). In
the glovebox, complex 2-Au (100 mg, 0.85 mmol) was dissolved in 3
mL of pentane within a 20 mL vial, and the mixture was left stirring
overnight. Subsequently, the vial was gently opened to facilitate the
gradual evaporation of pentane over an additional night, resulting in
the formation of a yellow-orange crystalline solid. This solid was then
promptly rinsed with approximately 1 mL of cold pentane (—40 °C),
yielding 3-Au in the form of small yellow crystals (40 mg, 40% yield).
Do to fluxional dynamics occurring on the NMR time scale at room
temperature, resulting in signal broadening that complicates their
assignment, the solution NMR characterization of 3-Au was
conducted at 253 K. This lower temperature facilitated a more
comprehensive and accurate signal assignment. 'H NMR (500 MHz,
toluene-dg, 253 K) 8 ppm 7.25 (t, ¥J;y_1y = 7.8 Hz, 2H, 2 para CH™),
7.11-6.98 (m, 4H, 4 meta CH™), 628 (s, 1H, N-CH=CH-N),
2.83 (hept, *J,y—1n = 7.2 Hz, 2H, 2 CH(CH,),), 2.67 (hept, *Jiy_1n =
7.2 Hz, 2H, 2 CH(CH,;),), 2.19 (s, 1H, AuTaCHC(CH,);), 1.79 (s,
1H, TaCHC(CH,);), 1.75 (s, 9H, AuTaCHC(CH,;);), 1.56 (d,

¥ q-1n = 6.8 Hz, 6H, CH(CHj;),), 1.50—1.43 (m, 15H, TaCH,C-
(CH;); and CH(CH;),), 1.34 (s, 9H, TaCH,C(CHj;);), 1.12—1.05
(m, 21H, TaCHC(CH,;), and 2 CH(CH,),), 1.01 (d, ¥;q_1u = 13.4
Hz, 1H, TaCH,C(CH3;);), 0.66 (s, 2H, TaCH,C(CHj;),), —0.34 (d,
YJixo1n = 13.4 Hz, 1H, TaCH,C(CH,);). *C{'H}-NMR (126 MHg,
toluene-dg, 253 K) & ppm 229.51 (s, 1C, TaCHC(CH,;);), 202.23 (s,
1C, AuCNHC), 167.59 (s, 1C, AuTaCHC(CH,);), 145.00 (s, 2C, 2
CXiPr), 144.78 (s, 2C, 2 CAiPr), 134.60 (s, 2C, 2 CVN), 130.77 (s,
2C, 2 paraCH™), 12427 (s, 2C, 2 metaCH™), 124.09 (s, 2C, 2
metaCH™), 122.79 (s, 2C, N—CH=CH-N), 103.27 (s, 1C, 1
TaCH,C(CHj;),), 92.45 (s, 1C, 1 TaCH,C(CH,),), 46.83 (s, 1C,
AuTaCHC(CH,;),), 43.66 (s, 1C, TaCHC(CH,);), 38.15 (s, 3C,
TaCHC(CH,),), 35.38 (s, 3C, TaCH,C(CH,);), 35.06 (s, 3C,
TaCH,C(CHs;),), 34.94 (s, 3C, AuTaCHC(CH,)5), 34.39 (s, 1C,
TaCH,C(CHj;),), 34.01 (s, 1C, TaCH,C(CHj;),), 28.65 (s, 4C, 4
CH™), 24.38 (s, 2C, 2 CH,™), 24.18 (s, 2C, 2 CH,™), 24.01 (s, 2C,
2 CH™), 2391 (s, 2C, 2 CH,™). Anal. calcd for C,,H,sAuN,Ta: C,
53.81; H, 7.49; N, 2.67. Found: C, 53.83; H, 7.51; N, 2.63.
Synthesis of [Cu(C(CO)'Bu)(IPr)] (4-Cu). A solution of 2-Cu
(100 mg, 0.11 mmol) in pentane (S mL) was cooled to —80 °C with
an acetone/liquid nitrogen bath and then exposed to a CO,
atmosphere (0.78 bar, 70.5 mL headspace, 0.22 mmol, 2 equiv).
The mixture was stirred for 10 min at this temperature and then for 1
h at room temperature. The orange color of the starting product
disappears, and a white precipitate was formed, which was then
filtered, washed with pentane (3 X 2 mL), and dried in vacuum to
give product 4 as a white solid (29 mg, 48% yield). Crystals of 4
suitable for X-ray diffraction studies were obtained by slow
recrystallization of a saturated toluene solution of 4 at —40 °C over
a period of 16 h. "TH NMR (500 MHz, C;Dy, 298 K) & ppm 7.21 (t,
i1 = 7.8 Hz, 2H, 2 para CH*), 7.07 (d, *J,yy_1uy = 7.8 Hz, 4H, 4
meta CH™), 6.27 (s, 2H, N—CH=CH-N), 2.60 (hept, *J;y_1yq = 6.7
Hz, 4H, 4 CH(CH,;),), 1.44 (d, ¥Jyy_m = 6.9 Hz, 12H, 2
CH(CH,),), 1.15 (s, 9H, CuC(CO)C(CH,);), 1.08 (d, *Jiy_igg =
6.9 Hz, 12H, 2 CH(CH,),). “C{"H}-NMR (126 MHz, C(Dy, 298 K)
8 ppm 183.83 (s, 1C, CuCNH), 169.89 (s, 1C, CuC(CO)C(CHs,)5),
145.80 (s, 4C, 4 CMiPr), 135.11 (s, 2C, 2 C*N), 130.64 (s, 2C, 2
paraCH™), 124.28 (s, 4C, 4 metaCH™), 122.25 (s, 2C, N—-CH=
CH-N), 36.67 (s, 3C, CuC(CO)C(CH,),), 32.19 (s, 1C, CuC(CO)
C(CH,),), 29.04 (s, 4C, 4 CH™), 2491 (s, 4C, 4 CH,™), 24.39 (s,
1C, CuC(CO)C(CHj;)5), 23.94 (s, 4C, 4 CH,™). DRIFT (293 K,
em™!) v = 3163 (s), 3138 (s), 2961 (s), 2891 (s), 2868 (s), 2012 (s,
Vec—o), 1469 (s), 1404 (s), 1384 (s), 1364 (s), 1355 (s), 1327 (s),
1211 (s), 1179 (s), 1060 (s), 946 (s). Anal. calcd for C53H,sCuN,O:
C, 72.16; H, 8.26; N, 5.10. Found: C, 70.00; H, 8.06; N, 5.01.
Synthesis of [Ag(C(CO)Bu)(IPr)] (4-Ag). A solution of 2-Ag
(100 mg, 0.104 mmol) in pentane (S mL) was cooled to —80 °C and
then exposed to a CO, atmosphere (73 mbar, 70.5 mL headspace,
0.208 mmol, 2 equiv). The mixture was stirred for 10 min at this
temperature and then for 1 h at room temperature. The orange color
of the starting product disappears, and a white precipitate was formed,
which was then filtered, washed with pentane (3 X 2 mL), and dried
in vacuum to give product 4-Ag as a white solid (29 mg, 49% yield).
'"H NMR (500 MHz, THF-dg, 298 K) & ppm 7.58 (d, *J;y_1y = 1.1
Hz, 2H, N—-CH=CH-N), 7.47 (t, *Jjy_1q = 7.8 Hz, 2H, 2 para
CH™), 7.34 (d, ¥jy_u = 7.8 Hz, 4H, 4 meta CH™), 2.65 (hept,
¥ iu_1u = 6.8 Hz, 4H, 4 CH(CHj;),), 1.30 (d, *J;5_1u = 6.9 Hz, 12H,
2 CH(CHy),), 123 (d, *Ji—1n = 6.9 Hz, 12H, 2 CH(CH,),). 0.73 (s,
9H, AgC(CO)C(CHS,);). 'H NMR (300 MHz, C4Dy, 298 K) 6 ppm
7.24=7.14 (m, 2H, 2 para CH"), 7.04 (d, *J;y_1y = 7.7 Hz, 4H, 4
meta CH™), 6.31 (s, 2H, N—CH=CH-N), 2.53 (hept, *J;y_1y = 6.8
Hz, 4H, 4 CH(CH,),), 137 (d, ¥ gy = 6.8 Hz, 12H, 2
CH(CHsy),), 1.21 (s, 9H, AgC(CO)C(CHs,)3), 1.05 (d, Jip_in =
6.8 Hz, 12H, 2 CH(CH,;),). *C{"H}-NMR (126 MHz, THF-d,, 298
K) 6 ppm 189.20 (d, 'Ji3c_100ag = 1922 Hz and d, 'J13c_107a¢ = 167.5
Hz, 1C, AgC""), 169.38 (d, J13c-100ag = Jisc-107ag = 3-3 Hz, 1C,
AgC(CO)C(CH,),), 146.83 (s, 4C, 4 CYiPr), 136.50 (s, 2C, 2
CMN), 131.12 (s, 2C, 2 paraCH?), 124.95 (s, 4C, 4 metaCH™),
124.79 (d; 3]13C—109Ag = 3]13c—107Ag = 5.2 Hz, 2C, N—QH:QH—N),
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37.17 (d, ]13C 109Ag = ]13C 107ag = 3-9 3G, AgC(CO)C(CHs) )
3220 (4, Jiscroong = Jisciomg = 62, 1C, AgC(CO)C(CHS)),
29.75 (s, 4C, 4 CH'PI), 25.12 (s, 4C, 4 CHS’Pr), 24.33 (s, 4C, 4
CH;™), 23.70 (d, 'Ji3c_100ag = 121.78 Hz and d, '] ;301078 = 104.62
Hz 1C, Agg(co)C(CH3)3 DRIFT (293 K, cm™)) v = 3165 (s),
3141 (s), 2962 (s), 2890 (s), 2868 (s), 2016 (s, vcc—o), 1593 (s),
1469 (s), 1456 (s), 1406 (s), 1384 (s), 1363 (s), 1355 (s), 1328 (s),
1211 (s), 1178 (s), 1115 (s), 1102 (s), 1056 (s), 936 (s). Anal. calcd
for C;3H,sAgN,O: C, 66.77; H, 7.64; N, 4.72. Found: C, 66.33; H,
7.60; N, 4.5S.

Synthesis of [Au(C(CO)Bu)(IPr)] (4-Au). A solution of 2-Au
(100 mg, 0.095 mmol) in pentane (S mL) was cooled to —80 °C and
then exposed to a CO, atmosphere (67 mbar, 70.5 mL headspace,
0.20 mmol, 2 equiv). The mixture was stirred for 10 min at this
temperature and then for 1 h at room temperature. The orange/
brown color of the starting product disappears, and a white precipitate
was formed, which was then filtered, washed with pentane (3 X 2
mL), and dried in vacuum to give a white solid (69 mg). The yield of
the reaction was estimated by'H NMR from this solid using durene as
an internal standard (77%), since one unidentified impurity
cocrystallized with the final product. Unfortunately, despite numerous
attempts, we failed to remove this impurity by fractional
recrystallizations. "H NMR (500 MHz, THF-dg, 298 K) & ppm 7.53
(s, 2H, N—-CH=CH-N), 7.45 (t, ¥J;y..y = 7.8 Hz, 2H, 2 para
CH™), 7.31 (d, = 7.8 Hz, 4H, 4 meta CH"), 2.68 (hept, *J 1.1y = 6.9
Hz, 4H, 4 CH(CH,),), 136 (d, Jy_iu = 69 Hz, 12H, 2
CH(CH,),), 1.22 (d, ¥y = 6.9 Hz, 12H, 2 CH(CH,;),), 0.72
(s, 9H, AuC(CO)C(CHj;);). 'H NMR (300 MHz, C(Dy, 298 K) &
ppm 7.26—7.11 (m, 2H, 2 para CH™), 7.05 (d, *J,y_1yy = 7.7 Hz, 4H,
4 meta CH™), 6.26 (s, 2H, N—CH=CH-N), 2.60 (hept, *J;;_1y = 6.7
Hz, 4H, 4 CH(CH,;),), 148 (d, ¥jy_y = 6.8 Hz, 12H, 2
CH(Cﬂs)z); 1.16 (s, 9H, AUC(CO)C(CH3)3): 1.07 (d, 3]1H—1H =
6.8 Hz, 12H, 2 CH(CH,;),). “C{*H}-NMR (126 MHz, THF-dg, 298
K) & ppm 193.39 (s, 1C, AuC™H¢), 181.19 (s, 1C, AuC(CO)C-
(CH,),), 146.84 (s, 4C, 4 C¥iPr), 136.11 (s, 2C, 2 C*N), 130.99 (s,
2C, 2 paraCH?), 124.80 (s, 4C, 4 metaCH?), 124.30 (s, 2C, N—
CH=CH-N), 39.71 (s, 1C, AuC(CO)C(CHS,);), 3645 (s, 3C,
AuC(CO)C(CHj;),), 32.00 (s, 1C, AuC(CO)C(CH;)5), 29.80 (s, 4C,
4 CH™), 24.84 (s, 4C, 4 CH,™), 24.40 (s, 4C, 4 CH,™). DRIFT
(293 K, em™) v = 3166 (s), 3142 (s), 2960 (s), 2894 (s), 2867 (s),
2027 (s, Voc—o), 1552 (s), 1470 (s), 1414 (s), 1384 (s), 1364 (s),
1357 (s), 1328 (s), 1315 (s), 1257 (s), 1232 (s), 1180 (s), 1117 (s),
1060 (s), 947 (s), 936 (s), 866 (s), 805 (s), 768 (s).

Reactivity of Compound 1 with CO,. A solution of complex 1
(100 mg, 0.16 mmol) in pentane (S mL) was exposed to a CO,
atmosphere (114 mbar, 70.5 mL headspace, 0.33 mmol, 2 equiv). The
mixture was stirred for 90 min. A yellow precipitate formed, which
was then filtered, washed with pentane (3 X 2 mL), and dried under
vacuum to yield a yellow pale powder (60 mg). This solid appeared to
be insoluble in pentane (as well as in C4Dg). It was subsequently
analyzed by '"H NMR in THF-dg (see Figure S64), revealing the
formation of a mixture of unknown diamagnetic compounds. The
supernatant solution was also evaporated under vacuum and analyzed
by '"H NMR, revealing the full consumption of complex 1 in this
reaction (see Figure S65).
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