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Cyclic Alkyl(amino) Carbene Stabilized Complexes with Low
Coordinate Metals of Enduring Nature
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CONSPECTUS: N-Heterocyclic carbenes (NHCs) are known to stabilize some
metal atoms in different oxidation states mostly by their strong o-donation. After the )
successful syntheses of cyclic alkyl(amino) carbenes (cAACs), they have been 2
proven to be much more effective in stabilizing electron rich species. In cAAC, one

of the o-withdrawing and 7-donating nitrogen atoms of NHC is replaced by a o-
donating quaternary carbon atom leading to a lower lying LUMO. This makes the
acceptance of 7-back-donation from the element bound to the carbene carbon atom
of cAAC energetically more advantageous. Further evidence suggests that the carbene carbon of cAAC can use the lone pair of
electrons present on the adjacent nitrogen in a more controlled way depending on the accumulation of electron density on the
bound metal. It has been found that cAAC can be utilized as excellent ligand for the stabilization of a complex with three
coordinate metal center [(cAAC),M"-Cl; M = Fe, Co, Cr]. Complex (cAAC),M"Cl, [M = Fe, Co, Cr] was prepared by reacting
anhydrous M(II)Cl, with two equiv of cAAC followed by treatment with one equiv of KC, (reducing agent) to obtain
(cAAC),M"-Cl. The corresponding cation (cAAC),M* was isolated when (cAAC),M"-Cl was reacted with sodium-
tetraarylborate (lithium) in toluene or fluorobenzene. The CV of cation (cAAC),M"' [M = Co, Fe] suggests that it can
reversibly undergo one electron reduction. The cations of Co and Fe were reduced with Na(Hg) or KCg, respectively.
(cAAC),Co'Cl can be directly reduced to (cAAC),Co’ when reacted with one equiv of KCq Analogous (cAAC-),Zn" and
(cAAC),Mn complexes are prepared by reduction of (cAAC)MCI, [M = Zn, Mn] with two equiv of KCg in the presence of one
equiv of cAAC. The square planar (cAAC),NiCl, complex was directly reduced by two equiv of LiN(iPr,) (KCy) to (cAAC),Ni’.
The (cAAC),Pd° and (cAAC),Pt” complexes are prepared by substituting all four triphenylphosphines of (Ph;P),M’ [M = Pd,
Pt] by two cAACs. Cation (cAAC),M" [M = Cu, Au] was reduced with sodium/potassium to obtain the neutral analogue
[(cAAC),Cu, (cAAC),Au]. Two coordinate Zn/Mn/Cu/Au are stabilized by two neutral carbene ligands possessing radical
electrons on the carbene carbon atoms, while analogous complexes of Co/Fe/Ni/Pd/Pt contain metals in the zero oxidation
state. The ground electronic structure of (cAAC),M was thoroughly studied by theoretical calculations. In this Account, we
summarize our developments in stabilizing metal complexes with low coordinate metal atoms in two, one, and most significantly
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in their zero oxidation states by utilizing cAACs as ligands.

B INTRODUCTION

Complexes containing transition metal atoms in various
oxidation states have been utilized in different areas of
chemistry," especially in catalysis.” Initially, olefins,” carbon
monoxide,” and phosphines (PR;)° have been extensively
utilized as ligands to stabilize low valent metal atoms. However,
the coordination numbers of metal atoms in metal(0)—
carbonyl/phosphine complexes are higher since most of them

synthesis of (NHC),M° [M = Ni, Pt] complex containing two
coordinate metal(0) atom.'® A few years later synthesis of Pd’-
analogue was developed."' (NHC),M° [M = Ni, Pd, Pt]
(Figure 1) was synthesized by reacting NHC with M°-

1 10 . . .
and M%olefin'® or via reductive elimination of

phosphine’
the ligands (allyl chloride and 1,3-diketonate).'” Alternatively,

tend to obey the 18e closed-shell configuration.” ® Stabiliza- ?'pp I2|)|pp 'Yles

tions of metal atoms in lower oxidation states and with lower N N N
coordination numbers have been a challenging target to the [N> '_>M<_'<N] [N‘>—Re(CO)5
chemists for decades. Latter complexes are unsaturated and | | I

hence they are highly reactive. After the first report” on singlet Dipp Dipp Mes
N-heterocyclic carbenes (NHCs) by Arduengo in 1991, M = Ni, Pd, Pt

chemists realized that the o-donation (M < NHC) of an
NHC is much higher than those of the previously used ligands
(CO, PRy, olefin, etc.).” Subsequently, NHCs were employed
to form stable complexes [NHC — M"L,] with a large number
of metals.*” Very soon it had been realized that a closed-shell
configuration is not always necessary for a complex to become
stable, since NHC can very strongly donate its lone pair to the
metal center. In 1994, Arduengo et al. reported on the first
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MeSNHC)Re(CO

M= Cu', NI, Co* | JRe(CO%

Figure 1. NHC-stabilized species (NHC),M, (NHC),M" (left) and in
situ generated (M*NHC-)Re(CO); (right). Dipp = 2,6-diisopropyl-
phenyl and Mes = 2,4,6-trimethylphenyl.
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(NHC),Ni® was prepared by metal vapor deposition."’

(NHC),Pt(0)'”"* was less extenswely studied when it is
compared with its Ni%-''*'> and Pd’-analogues.'"'>'® The so
far known purely NHC- stabﬂlzed two coordinate M’ complexes
were reported with Ni%, Pd’, and Pt°.'~'® The synthesis of
cationic complex (NHC),M*X~ [M = Cu,'”* Au,'"" Co,'”*
Ni'®] with two coordinate M! was also achieved.'” The
synthesis of complex (NHC)Ni'X [R = NR,, NHR, alkyl] with
two coordinate Ni' was reported by Hillhouse and co-
workers."®

The preparation of a complex with two coordinate Co° was
carried out via the reduction of (NHC),Co'Cl with metallic
sodium or sodium-amalgam which led to the C(sp*)—H bond
activation of NHC.'”® Synthesis of the complex (NHC),M°
[where, M = Zn—Co, Fe—Mn] to be elusive until 2011, due to
the poor 7-acceptance property (NHC < M) of NHC."

In 2005, Bertrand et al. reported on the first synthesis of
cyclic alkyl(amino) carbene (cAAC)*” in which one of the N
atoms of NHC is replaced by one o-donating quaternary C
atom. As a result, the HOMO—LUMO energy gap is smaller in
cAAC when compared with that of NHC (Figure 2).*'

lI:— ><:f XI% X%

Me,-cAAC Et,-cAAC Cy-cAAC
n-electron donation >C/E(
/[5 O o-electron withdrawing
R

Figure 2. Comparison between NHC (left) and cAAC (right)
carbenes.

LUMO LUMO

NHC carbenes

@%

cAAC

Consequently, cAAC is a stronger o-donor and better -
acceptor than NHC. This has been experimentally established
by 3P NMR studies of carbene—phosphinidene adducts.”
cAAC cleaves strong bonds of H-H and H-NH,, which were
not achieved when NHC was employed.”* Additionally, cAAC
has also been proved to be a potent1a1 ligand for stabilizing a
copious number of radical species.”*

As a matter of fact, complexes containing NHC centered
radicals bound to a metal were not stable. Apeloig et al. could
only in situ generate such a complex [(M*NHC-)Re(CO); ] 1n
solution at low temperature and characterize by EPR.*
However, NHC stabilized 17e complex of a Nl(I) radical has
been shown to activate P, and chalcogenides.”® The most
challenging targets for the chemists were carbene supported
first-row-transition-metal complexes with two-coordinate met-
als bound to radical centers. This could finally be achieved with
the successful implementation of cAAC as 7-accepting ligands.

B RESULTS AND DISCUSSION

Synthesis and Characterization

As a first step to synthesize the complex (cAAC),M with two
coordinate M, initially an adduct (Me,-cAAC)MCl, [M =
Zn,””* Mn”""] was prepared by reacting commercially available
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anhydrous M(II)Cl, with Me,-cAAC in a 1:1 molar ratio in
THF. Reduction of (Me,-cAAC)MCl, with two equiv of KCy
led to the formation of the dark blue colored (Me,-cAAC-),Zn"
(Me,-cAAC- = radical electron on carbene carbon atom) or
dark purple solution of (Me,-cAAC),Mn in low yields which
were significantly increased when the reaction was carried out
in the presence of another equiv of Me,-cAAC (Schemes 1 and
2; Figure 3).” (Me,-cAAC-),Zn" is EPR silent, while the Mn-
analogue is EPR active.

Scheme 1. Synthesis of (cAAC-),Zn"

ﬁ zncl o ﬁ
.+ Zn : ZnCl
N 2 it NT TR
Me,-cAAC Meo-cAAC (Me,-cAAC)ZnCl,
2 LiB(secBu)3;H
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2KCqg

“@“

(Mey-cAACH),Zn"!

//\©/M: CAAC),Zn"

2
(Mey-cAAC),Zn!" —————  (Me,-cAAC)CO,

When hydrogen gas was bubbled through the dark blue
toluene solution of (Me,-cAAC-),Zn" at rt, immediately the

Scheme 2. Synthesis of (cAAC),Mn
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Figure 3. Molecular structures of complexes (Me,-cAAC-),Zn" (top)
and (Me,-cAAC),Mn (bottom).

solution became colorless with the deposition of black zinc
metal producing Me,-cAACH,.*"**** The (Me,-cAACH),Zn"
was obtained when (Me,-cAAC)ZnCl, was reacted with
hydride donor LiB(sec-Bu);H in the presence of another
equiv of carbene (Scheme 1).

Ab initio calculations showed that (Me,-cAAC),Mn has a
quartet (S = 3/2) spin ground state having two spin
conformers.””” The minor conformer is represented as (Me,-
cAAC-),Mn, while (Me,-cAAC)Mn(Me,-cAAC-) is the major
conformer (Scheme 2).>”* When H, gas was bubbled through a
toluene solution of (Me,-cAAC),Mn at rt, an immediate color
change of the reaction solution was observed and a flesh-
colored crystalline precipitate was obtained which was
characterized as the hydrogenated product (Me,-cAACH),Mn"
(Scheme 2). (Me,-cAAC),Mn was the only complex of the
series of (cAAC),M which was able to activate and split the H—
H bond without dissociation.”””

A similar synthetic strategy was not successful with CuCl,
since cAAC reduces CuCl, to CuCl. Hence, Et,-cAAC was
reacted with Cul in a 2:1 molar ratio to obtain (Et,-
cAAC),Cu'T™ in 75% yield (Scheme 3).** Cyclic voltammetry
(CV) showed one electron reduction of (Et,-cAAC),Cu‘l”
(Figure 4, left). The chemical synthesis of (Et,-cAAC),Cu was
indeed achieved when (Et,-cAAC),Cu’l” was treated with one
equiv of sodium. Analogous (Me,-cAAC),Cu was isolated as
dark green needles from a toluene solution when a 2:1:2 molar
mixture of Me,-cAAC:CuCl,:KCg was reacted (Scheme 3).
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Scheme 3. Syntheses of (cAAC),Cu* and (cAAC),Cu
R R
CucCl g 2 NaBH, g
2 — 2 i—Cu—Cl ——— .y N /
N 2NHgBH3 Ny \

R=Et
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Figure 4. CV of (Et,-cAAC),Cu'T™ (left) and (Me,-cAAC),Cu (right)
containing 0.1 M nBu,NPFq as an electrolyte.

This reaction possibly proceeds via formation of carbene-radical
anion (cAAC-") intermediate which replaces the chlorides of
CuCl,. However, the yield of (cAAC),Cu is found to be only
7—35%. The CV of (Me,-cAAC),Cu exhibited one electron
quasi-reversible process at E,, = —1.35 V (Figure 4, right) like
the Et,-cAAC-analogue.”®

(Et,/Me,-cAAC),Cu was characterized by EPR (Figure S)
spectroscopy which suggested a three-centered carbene/
copper/carbene description of [(cAAC-)Cu'(cAAC) or
(cAAC)Cu'(cAAC-)] with a predominant carbene radical
character.

'
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Figure S. Experimental/simulated EPR spectra of (Me,-cAAC),Cu at

rt.
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The synthesis and isolation of (Me,-cAAC),Ag remained
unsuccessful until now. Theoretical calculations suggested that
cAAC ligands in (cAAC),M have stronger r-accepting
properties compared to their o-donating abilities. The bond
disszc;ciation (cAAC-M) energies are in the order of Au > Cu >
Ag.

Similarly, (Cy-cAAC),Au*Cl™ was readily obtained when
AuCl(SMe,) was treated with two equiv of Cy-cAAC. The CV
of this cationic compound showed a reversible one-electronic
process at —2.24 V. The air/moisture sensitive green colored
neutral complex (Cy-cAAC),Au was synthesized in 44% yield
when (Cy-cAAC),Au*Cl” was reduced by potassium metal
(Scheme 4).*° The electronic structure of (Cy-cAAC),Au is
also analogous to that of (Me,-cAAC),Cu (Figure 6).25°

Scheme 4. Synthesis of (Cy-cAAC),Au" and (Cy-cAAC),Au

J + AuCI(SM) >(§1 Au?

CY -cAAC (Cy- cAAC)ZAu cr
Cy-cAAC KCI rt -
THF
—> Au—cClI
(Cy-cAAC)AuCI Cy -cAAC),Au

ﬁ (To|)s|Et3]+><_g9

AuCI(SM [B(CeFs)al’

LIS —> Au—Cl —*Au—

@ e EtSS'C' B
65)4

Ad-cAAC (Ad CAAC)AUCI (Ad- cAAC)AU(tol)]*B(Cer)4

(Ad-cAAC)AuCl was possible to prepare by the reaction of
AuCl(SMe,) with sterically demanding Ad-cAAC instead of
Cy-cAAC. (Ad-cAAC)AuCl was converted to solvent coordi-
nated cationic complex [(Ad-cAAC)Au(tol)]*B(CFs),~
(Scheme 4).

Reduction of (bulky-cAAC)AuCl with a suspension of
lithium sand produced the air and moisture sensitive light
brown crystals of dinuclear complex (bulky-cAAC),Au,
(Scheme 5),* having a Au, unit with a Au—Au bond. The
Au—C bond of (bulky-cAAC),Au, is significantly longer than
that of (Cy-cAAC),Au.

(Me,-cAAC),Ni®" was obtained as a dark purple complex
when (Me,-cAAC),NiCl, was reduced with the hydride donor
lithiumdiisopropylamide (LiNiPr,) in 1:2 molar ratio (Scheme
6).>" LiNiPr, acts both as a hydride-donor and as a base. The
crystals of (Me,-cAAC),Ni’ (Figure 7) are stable at —32 °C for
months but at rt they slowly decompose after 1 week.

The (cAAC),Pd and (cAAC),Pt were successfully synthe-
sized substituting four triphenylphosphine ligands of
(PhyP),M° [M = Pd, Pt] by two cAACs (Scheme 7)** by
exploiting the fact that cAAC is a stronger o-donor than Ph;P.
The dark green solution of (Cy-cAAC),Pd’ was stored at —

Figure 6. Molecular structures of complexes (Me,-cAAC),Cu (top),
(Cy-cAAC),Au (middle), and (bulky-cAAC),Au, (bottom).

Scheme 5. Synthesis of (cAAC)ZAu2
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Scheme 6. Synthesis of (cAAC),Ni
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-2 LiCl
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- HN/Pr,

(Me-cAAC:)Ni

°C to form dark maroon rods of (Cy-cAAC),Pd-THF in 84%
yield. The changes in the C—Pd—C angles (from 166.94° to
172. 75 ) have been attributed to the drastic changes in the
color.”?

Similarly, the light yellow solution of (Ph;P),Pt was reacted
with cAAC in a 1:5 molar ratio to obtain a dark orange solution
of (cAAC),Pt° (Scheme 7, Figure 7). '*Pt NMR (~ —4200/-
4300 ppm) resonance of (cAAC),Pt° was found to be upfield
shifted when compared with that of the NHC analogue
(NHC),Pt’ (~ —1196 ppm)."’

The CV (Figure 8) showed a one-electron quasi-reversible
oxidation at E;/, = —0.60 V (Pd) and E,,, = —0.07 V (Pt) vs
(Cp*,Fe)/(Cp*,Fe)*, indicating the formation of the stable
cationic species (cAAC),M" (M = Pd, Pt; Scheme 8).*

cAAC forms an adduct with CoCl, in a much faster rate
when compared with that of NiCl,. (Me,-cAAC),Co,Cl, was
isolated as a light violet-blue crystalline powder when Me,-
cAAC and CoCl, were reacted in a 1:1 molar ratio (Scheme
9).” It slowly decomposes to (Me,-cAACH)[(Me,-cAAC)Co-
(u-C1),CI(Li)ys], in THF. (Me,-cAAC),Co'Cl (Figure 9, top)
with three coordinate cobalt(I) was obtained when a 1:2 molar
mixture of (Me,-cAAC),Co,Cl, and Me,-cAAC was reduced
with two equiv of KCg**** The red needles of (Me,-
cAAC),Co'Cl are stable in an inert atmosphere for months.

The CV of (Me,-cAAC),Co'Cl showed an one-electron
quasi-reversible reduction at E,,, = —0.57 V vs (Cp*,Fe)/
(Cp*,Fe)*, indicating the feasible formation of the dicarbene-
cobalt(0) complex. Indeed, the chemical synthesis of (Me,-
cAAC),Co” was achieved when a 1:1 molar mixture of (Me,-
cAAC),Co(I)Cl and KCg was reacted in THF. The air and
moisture sensitive complex (Me,-cAAC),Co° (Figure 9,
bottom) was isolated as dark blue needles in 98% yield
(Scheme 9).** It was characterized by EI-MS spectrometry and
EPR spectroscopy.34

Synthesis of three coordinate Fe(I)-analogue (Et,-
cAAC),M'Cl [M = Fe] was easily achieved by reduction of
the in situ generated (Et,-cAAC),M"Cl, complex with one
equiv of sodium amalgam. The corresponding cationic species
[(Et,-cAAC),M]*(BArF,,) ™ (Figure 10) was prepared by
dechlorination of (Et,-cAAC),M'Cl with sodium tetrakis(3,5-
bis(trifluoromethyl)phenyl)-borate (Na*BAr",,”) (Scheme 10).
The neutral (Et,-cAAC),Fe® complex (d®, S = 1) was obtained
by one electron reduction (KCg) of its cationic analogue
leading to the isolation of a dark green powder of (Et,-
cAAC),Fe’ in 89% yield.” Similarly, the neutral and cationic
Co(I)-analogues were synthesized (Scheme 10). The CV of
[(Et,-cAAC),Co]*(BArF,,)™ exhibited a reversible reduction at
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Figure 7. Molecular structures of complexes (Me,-cAAC),Ni (top),
(Me,-cAAC),Pd (middle), and (Me,-cAAC),Pt (bottom).

Scheme 7. Synthesis of (cAAC),Pd and (cAAC)ZPt

P
4
< N8

24\7§§/V+ (PhaP)M

&
ww

(CAAC)M

rtto70°C
-4 PhgP
M =Pd and Pt

Ey;, = —1.79 V.”* The chemical reduction of the cation (Et,-
cAAC),Co" to the neutral (Et,-cAAC),Co° was carried out
utilizing one equiv of sodium amalgam which was not
successful for the NHC-analogues.'”
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Figure 8. CV of THF solutions of (Cy-cAAC),Pd (left) and (Me,-
cAAC),Pt (right).

Scheme 8. Reversible One Electron Oxidation of (cAAC),Pd
and (cAAC),Pt

M= Pd, Pt

G
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Scheme 9. Synthesis of (cAAC),Co Complex
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The temperature dependent UV-—vis spectra of (Et,-
cAAC),Fe’ showed that it reversibly binds with N, below
—80 °C (Bertrand et al.).*

The reduction of (Et,-cAAC),Fe’ with KCq at —95 °C in
diethyl ether in the presence of 18-crown-6 led to the isolation
of dark brown crystals of [(Et,-cAAC),Fe(N,)][K(18-crown-
6)] (Scheme 11).*

In order to synthesize the two coordinate cationic species
[(Me,-cAAC),M]* [M = Fe, Cr], initially (Me,-cAAC),M"Cl,
was isolated and subsequently reduced (Scheme 12) to (Me,-
cAAC),M'Cl species by utilizing one equiv of KCg.”** Both
(Me,-cAAC),Fe'Cl and (Me,-cAAC),Cr'Cl were converted to
the corresponding cations [(Me,-cAAC),Fe]"B(R",,),” using
lithium and sodium borate, respectively (Scheme 12).*”** The
dechlorination of (Me,-cAAC),Fe'Cl in toluene produced
[(Me,-cAAC),Fe]*B(R",),”, while the chromium analogue
was only obtained when 1,3-difluorobenzene was used as
solvent under argon atmosphere with prolonged stirring of the
reaction solution.’”

B STRUCTURAL DESCRIPTION

Structurally, each metal atom of (Me,-cAAC),M'CI [M = Co—
Fe, Cr] is coordinated by one chlorine and two carbene carbon
atoms (Figures 9 and 11).>*7*® The C—M—C bond angles are
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Figure 9. Molecular structures of (Me,-cAAC),Co'Cl (top) and (Me,-
cAAC),Co (bottom).

in the range of 120.89(5)°—137.17(6)°. The C—M bond
distances are ran%ing from 1.920(2) to 2.0931(16) A
[(MNHC),CoCl;'’® Co—C 1.953(5) and 1.955(5) A);
(M=NHC),C0%1.937(2) A]. It has been found that the
carbene-metal bond distances and C-M-C angles gradually
increase from cobalt to chromium. The C—N bond distances
are in the range of 1.3325(16) to 1.3429(16) A. The C—N
bond distances are sli%htly longer when compared with the free
carbene (~1.315 A),”" suggesting z-back-donation from the
metal(I) centers to the carbene carbon atoms (M' — C_uc)-
The Dipp-groups of Me,-cAAC ligands are oriented in trans
fashion [NCCN torsion angles ~104—107° (Co), 108—134°
(Fe), 106° (Cr)] with respect to the central metal atom
(Figures 9 and 11). The NCCN torsion angles are increased
when comparatively more bulky carbene (Et,-cAAC instead of
Me,-cAAC) is employed.”* >

(Me,-cAAC),Fe*BR,” and (Me,-cAAC),Cr'BR,™ possess a
center of inversion passing through the cationic metal center
(Figure 12).>7%® The analogous Et,-cAAC carbene containing
complexes do not possess a center of inversion within the
molecule (Figure 10).** The C—M—C bond angles are ~165—
168°. The C—M bond distances are shorter and C—M—C bond
angles are wider, respectively, in (cAAC),M'BR,” when
compared to that of (cAAC),M'Cl. The C—N bond distances
are close to those of the free carbene (~1.315 A) suggesting
strong o-donation from the carbene carbon atoms to the
metal(I) center (M' « Cyac). The Dipp-groups of cAAC
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Figure 10. Molecular structures of [(Et,-cAAC),Co]* (top) and [(Et,-
cAAC),Fe]* (bottom).

Scheme 10. Synthesis of (cAAC),M (M = Co, Fe); BAr",, =
Tetrakis(3,5-bis(triﬂuoromethyl)phenyl)borate

1) MCl,
Na (Hg)

r@

s

Etz-cAAC

R
NaBArF,,
@ -NaCl
%Kce M = Fe@ %
>5§ oo KK%MF

(Et-cAAC), [(Et,-cAAC),M]* (BAI )

ligands are oriented in trans fashion in (Et,-cAAC),Fe*/Co*
(Figure 10), while nearly orthogonal in (Me,-cAAC),Fe*/
Cr*.*”** The NCCN torsion angle is 71° in (Et,-cAAC),Fe*,
70° in (Et,-cAAC),Co* and 180° in (Me,-cAAC),Fe’/Cr",
respectively (Figure 9).* The C—Cu—C bond angle is 180° in
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Scheme 11. Reduction of [(Et,-cAAC),Fe(N,)] and
Subsequent Trapping with Silylating Reagents

I
@ N
T<-80°C |

N /Fe\.
“iNJ“

(Et,-cAAC),Fe (Et-cAAC),Fe(N,)
KCg

(18-crown-6)

SiR3 K(1 8-crown-6)

(Ety-cAAC),Fe(N,-SiRs) (Etp-cAAC),Fe(N,)(18-crown-6))
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(Me,-cAAC),Cu*OTf, while (Et,-cAAC),Cu'l” possesses two
types of molecules with C—Cu—C bond angles ranging from
168° to 180°.**

Reduction of (Me,-cAAC),Co,Cl, with four and three equiv
of KCg led to the isolation of the neutral and the cationic bis-
carbenedicobalt complexes (Me,-cAAC),Co, (top) and (Me,-
cAAC),Co,*OTf", resgectlvely (Figure 13) with eight
coordinate cobalt atoms.

Neutral complex (Me,-cAAC),M possesses a center of
inversion passing through the central metal atom [M = Zn,””
Mn,””" Cu,*® Au® ] which is coordinated by two Cuy
molecules (Flgures 3 and 6). The C—M—C bond angle is
180° with C—M bond distances in the range of 1.8850(17)—
1.991(2) A. The C—N bond distances range from 1.3510(13)
to 1.376(2) A which are slightly longer than those of the free
carbene (~1.31 A)* suggesting accumulation of electron
densities on the C yuc. The Dipp-groups of Me,-cAAC ligands
are oriented in trans fashion with respect to the central metal
atom.

(Me,-cAAC),M [M = Ni,*' Pd,** Pt**] does not have a
center of inversion passing within the molecule (Figure 7). The
central metal atom is coordinated by two carbene carbon atoms
like those in Zn/Mn/Cu/Au complexes [torsion angle 180°]
(Figures 3 and 6). The Dipp-groups of Me,-cAAC ligands are
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Figure 11. Molecular structures of (Me,-cAAC),Fe'Cl (top) and (Et,-
cAAC),Fe (bottom).

Figure 12. Molecular structures of complexes (Me,-cAAC),Fe BAr"~
(top) and (Me,-cAAC),Cr*BArF,,~ (bottom).
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Figure 13. Molecular structures of (Me,-cAAC),Co, (top) and (Me,-
cAAC),Co,"OTf" (bottom).

nearly oriented in cis fashion [NCCN torsion angles ~78° (Ni),
70° (Pd), 73° (Pt)] with respect to the central metal atom. The
C—M-C bond angles are sharper (~165—172°) nearly by
10°—15° when compared with that of (Me,-cAAC),M [180°;
M = Zn/Mn/Cu/Au] with C—M bond distances in the range
of 1.8419(13) A in (Me,-cAAC),Ni° to 2.0054(13) A in (Me,-
cAAC),Pd° [(MesNHC),M, Ni—C 1.827(6)—1.830(6) A; Pt—
C 1.959(8)—1.942(8) A; [(AANHC),Pd Pd—C 2.076(5)—
2.084(5)]."%"" (Me,-cAAC),Co° and (Et,-cAAC),Fe’ com-
plexes®™*> (Figures 9 and 11) are isostructural with those of
Ni/Pd/Pt analogues.’"**

B MAGNETIC PROPERTY
(Me,-cAAC),Cr'Cl and [(Me,-cAAC),Cr]*(BArF,,)” have S =

5/2 spin ground state.”® The magnetic moment of (Me,-
cAAC),Cr'Cl is 6.20 uy at 210 K. It exhibits slow relaxation of
magnetization under an applied dc magnetic field of 500 Oe
(Figure 14), suggesting single ion magnet (SIM) behavior.*
The magnetic moments of (Me,-cAAC),Mn and (Me,-
cAACH),Mn are 4.15 and 5.82 puy at rt, suggesting S = 3/2
and 5/2 spin ground states, respectively.”’” Both complexes do
not display slow magnetic relaxation due to the lack of
magnetic anisotropy.

(Et,-cAAC),Fe’ possesses S = 1 spin ground state with high
spin d® (Fe®) electronic configuration (magnetic moment 4.3
ug in solution).>® The magnetic moment of [(Et,-cAAC),Fe-
(N,)][K(18-crown-6)] in C¢Dy solution is 1.9 ug (d°, Fe™) at
rt. It has a S = 1/2 spin ground state.’® The (Et,-cAAC),Co'Cl
has a magnetic moment of 2.9 5 in solution as expected (S =
1).* Two-coordinate [(Et,-cAAC),Co]*(BAr",,)” exhibits a
magnetic momentum of 3.2 ug which is slightly higher than its
three-coordinate precursor. This might be due to the change in
the coordination number. The (cAAC),M [M = Zn, Ni, Pd, Pt]
complex is diamagnetic (S = 0) and hence it was characterized

DOI: 10.1021/acs.accounts.5b00381
Acc. Chem. Res. 2016, 49, 357—369


http://dx.doi.org/10.1021/acs.accounts.5b00381

Accounts of Chemical Research

| Article |

0.8+ H,. = 500 Oe

—— 1500 Hz
—=— 1200 Hz
+— 800 Hz
—— 400 Hz
+— 200 Hz
—— 100 Hz

50 Hz

0541

o
B
'

1

+" 1 cm’mol”
o
w

TIK

Figure 14. Plots of y” vs T of (Me,-cAAC),Cr'Cl at indicated
frequencies under applied magnetic field (Hy. = S00 Oe).

by NMR.*"** A two-coordinate cationic nickel(T) ion stabilized
by bulkgf NHCs acts as a SIM below 9 K (U,g/ks = 11.8
em™)."> Complex (cAAC),M° [M = Co, Au]’>** is a one
electron paramagnetic complex, which has been confirmed by
EPR. The magnetic moment of (cAAC),Cu (d'’, Cu’, one
cAAC- radical) is 1.74 yip at 155 K which is in good agreement
with one unpaired electron.”®

The magnetic anisotropy of a metal ion often can be
enhanced by lowering the coordination number. The dc
magnetic susceptibility measurements (magnetic moment 4.84
ug) showed that (Me,-cAAC),Fe'Cl has S = 3/2 spin ground
state as expected for the Fe' ion (3d’) with coordination
number three.”” (Me,-cAAC),Fe'Cl does not show detectable
out-of-phase (") signal in the absence of the dc field. However,
(Me,-cAAC),Fe'Cl exhibits slow relaxation of magnetization
under the application of the dc field of 500 Oe (Figure 15, top).
This suggests fast quantum tunneling of magnetization (QTM)
under zero applied field which is suppressed when a dc field of
500 Oe is applied. Additionally, slow relaxation of magnet-
ization is thermally accessible at higher temperatures of the
Arrhenius plot (Figure 15, bottom). A linear fit using 7 = 7,
exp(Uue/ksT) produces an energy barrier of Ug/ky = 22.4
em™ with 7, = 7.0 X 107® s which suggests that (Me,-
cAAC),Fe'Cl is a single ion magnet (SIM).”” [(Me,-
cAAC),Fe]"(Ph,B)~ with two-coordinate Fe! also exhibits a
detectable out-of-phase signal suggesting that it might be a
single ion magnet (U, < 20 cm™").”

B ELECTRONIC STRUCTURES

The correct electronic structures (Scheme 13) of (cAAC),M
complexes are studied by EPR, magnetic susceptibility
measurements (see above) and were correlated with theoretical
calculations. Neutral complexes with two - coordinate Zn/Mn/
Cu/Au possess metal atoms in nonzero oxidation states with
delocalized radical electrons spanning over two carbene carbon
atoms. Diamagnetic (cAAC-),Zn" prefers a carbene centered
1,3-singlet diradical spin ground state rather than a
(cAAC),Zn°. The (cAAC),Mn complex has two electronic
conformers with S = 3/2 spin ground state confirmed by EPR
and magnetic susceptibility measurements. The conformer
(cAAC-),Mn" which is analogous to (cAAC-),Zn" has been
theoretically predicted to be the minor conformer, while its
electronic isomer (cAAC-)Mn'(cAAC) is the major conformer.
One-electron paramagnetic complexes (cAAC),Cu and (cAA-
C),Au possess similar electronic structures like (cAAC-)-
Mn'(cAAC)/(cAAC)Mn'(cAAC-) which was confirmed by
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Figure 15. Plots of y” vs v (top) and Arrhenius plot (bottom). The
black straight line describes a thermally activated relaxation.

EPR and magnetic susceptibility measurements and supported
by theoretical calculations. Complexes (cAAC),Co° and
(cAAC),Fe’ are paramagnetic having S = 1/2 and 1, which
match with their magnetic momentum. Theoretical calculations
suggest that cAAC significantly accepts 7-backdonation (C.yac
<~ M) from the electron rich metal center. Diamagnetic
complexes (cAAC),Ni’, (cAAC),Pd’, and (cAAC),Pt° are 14e
systems with each metal atom contributing d'° electrons.
(cAAC),M’ [M = Co, Au] has been theoretically investigated
to have a singlet ground state with a M—M bond. The shape of
Laplacian distribution of (Me,-cAAC),Co, shows a small area
of charge concentration at the bond critical point of the Co—
Co bond."" The other two orbital contributions AE_,(3) =
—44.0 kcal/mol and AE_;,(4) = —40.4 kcal/mol are attributed
to the components of the cAAC « CoCo — cAAC z-back-
donation. Both (cAAC),Co, and (cAAC),Co,™ were found to
have a Co—Co bond.* However, the Au—Au bond of (bulky-
cAAC),Au, is formed via the coupling of unpaired electrons in
the valence AOs of each gold (d'%s'p”) atom which is sd-
hybridized.*

B CATALYSIS

The homocoupling of aryl halides is one of the most powerful
methods to form C—C bonds to produce biaryls. The use of
readily available and inexpensive aryl chlorides is still scarce
probably due to the high energy cleavage of the C—Cl bond.
Catalytic activation of unactivated C—F bonds is even more
challenging. (Me,-cAAC),Ni’ was used as a catalyst (10 mol %)
for the homocoupling of para-chlorotoluene, chlorobenzene,
and fluorobenzene, respectively in the presence of LiN(iPr,) as
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Scheme 13. Electronic Configurations of Neutral Complexes
(cAAC),M (M = Mn—Zn, Au, Pd, Pt)“
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Spin . 1
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state
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the reducing agent at 50 °C (Scheme 14).*" The biaryls (Ar—
Ar) were isolated in ~80% yield after 6 h.

The C2-alkenylation of N-pyrimidylindole with diphenyla-
cetylene and cyclotrimerization of diphenylacetylene proceeded
smoothly at rt in the presence of (Me,-cAAC),Co° as catalyst
(5 mol %) in N-methyl-2-pyrrolidone (NMP) (Scheme 14).*
The yield is 70%. The use of THF and toluene led to the
cyclotrimerization of diphenylacetylene to produce hexaphenyl
benezene in ~80% yield. Yoshikai et al. have shown that
alkenylation of N-methylpyrrolidinone is catalyzed by CoBr, as
a metal source and pyphos (pyphos = Ph,P(CH,),—C;H,N) as
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Scheme 14. Catalysis of (cAAC),M° (M = Ni, Co, Fe)

X X (Me,-cAAC),Ni®
@ . @ (10 mol%)
X X LiN(iPr,)
R R
50°C,6h

\ ph (Mey-cAAC),Co®
H (5 mol%)
jo
J~N 24 h,rt
' N
NQ Ph N-methyl-2-pyrrolidinone \J
(Et,-cAAC),Fe?
(0.2 mol%)
N, + KCg + HBArfy2Et,0 ———— NHs
Et,0, - 95 °C
(Et,-cAAC)Cu-Cl
(1 mol%)
NH3BH; — k
25°C
(Et,-cAAC)Cu(BH,)
( 1 mol%)
NH3BH, k
25°C

a ligand in the presence of 60 mol % of Grignard reagent
(tBuCH,MgBr) at rt. The Grignard reagents (RMgBr) often
reduce the metal ion to its lower oxidation state under
elimination of R—R. The actual intermediate species was not
isolated. The well characterized (Me,-cAAC),Co° catalyzes the
similar process without any additional Grignard reagent.”*

(Et,-cAAC),Fe® effectively catalyzes the formation of
N(SiMe;); reacting N, with Me;SiCl in the presence of equiv
amounts of KCy. (Et,-cAAC),Fe reversibly binds to dinitrogen
at around —80 °C (Scheme 11) to produce (Et,
cAAC),Fe’(N,) which undergoes a one electron reduction by
KCg to yield (Et,-cAAC),Fe’(N,)”. These species are
spectroscopically as well as structurally characterized. The
turnover number (TON) was calculated to be ~19.5.%° A
comparable reaction was also catalyzed by [(Et,-
cAAC),Fe]"BAr",),~ with slightly lower TONs. Similarly,
hydrogenation of dinitrogen proceeds via binding of dinitrogen
to the Fe’-complex below —95 °C and then subsequently reacts
with hydrogen gas (H,) to produce ammonia. Very small
amount of (Et,-cAAC),Fe’ (0.2 mol %) is required for the
reduction of dinitrogen to ammonia (Scheme 14).%°

(Et,-cAAC)Cu—Cl reacts with NaBH, and NH,BH; to
produce (Et,-cAAC)Cu(BH,) (Scheme 3).*’ Both (Et,-
cAAC)Cu—Cl and (Et,-cAAC)Cu(BH,) complexes are air-
stable and promote the catalytic hydrolytic dehydrogenation of
ammonia borane (NH;BH;) (Scheme 14). The turnover
frequency (TOF) is 3100 per moly, ' mol, ™' h™ when
(Bt-cAAC)Cu—Cl is used as a catalyst. It is 500 times higher
than that of (PhyP),CuCL The catalytic activity decreases when
Et,-cAAC is replaced by a comparatively bulky cAAC ligand.
The TOF is increased to 3360 when a 1:1 molar mixture of
(Et,-cAAC)Cu—Cl:potassium tetrakis(pentafluorophenyl)-
borate is employed. Further studies showed that (Et,-
cAAC)Cu(BH,) is a better catalyst with the TOF of 8400
moly, ! mol ™' h™ at 25 °C.
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[(Ad-cAAC)Au(tol)]"'B(C4Fs),~ efficiently mediates the
catalytic coupling (Scheme 15) of enamines and terminal
alkynes to yield allenes which was suggested to proceed
through unprecedented carbene/vinylidene intermediates.*’

Scheme 15. Catalysis of Complex [(Ad-
cAAC)Au(tol) ]"B(C¢Fs),~
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H
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[(Ad-cAAC)Au(tol)]*B(CF;),~ catalyzes the intermolecular
hydroamination of alkyne to form imine and enamine,
respectively (Scheme 15). It also catalyzes the homocoupling
of various alkynes in the presence of 1,2,3,4-tetrahydroisoqui-
noline.*'

However, addition of excess NH; to [ (Ad-cAAC)Au(tol)]*B-
(C¢Fs),~ instantaneously leads to the formation of the Werner
complex [(Ad-cAAC)Au-NH,]*B(C4Fs),” that catalyzes the
addition of NH; to nonactivated alkynes and allenes,
respectively (Scheme 16).** This reaction was considered to
be one of the ten greatest challenges for catalytic chemistry.

(Ad-cAAC)AuCl reacts with H,NNH, in the presence of
KB(C4Fs), to produce [(Ad-cAAC)Au(H,NNH,)]*B(CFs),”
(Ad-cAAC)AuCl and [(Ad-cAAC)Au(H,NNH,)]*B(C4Fs),,
respectively, efficiently catalyze the addition of H,NNH, to a
variety of nonactivated alkynes and allenes to give a diverse

array of acyclic and cyclic nitrogen-containing compounds
(Scheme 17).*

B SUMMARY AND OUTLOOK

Herein, we have shown that the strong o-donating and efficient
m-accepting cyclic alkyl(amino) carbenes can be utilized as
excellent ligands for the stabilization of transition metals in
lower oxidation states with lower coordination numbers. This
principle allows the isolation and characterization of unstable
species, which can be thoroughly characterized and in most of

Scheme 16. Catalysis of Complex [(Ad-cAAC)Au-
NH;]"B(CgFs),~
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Scheme 17. Catalysis of Complexes (Ad-cAAC)AuCl and
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the cases can be stored even at rt. Most importantly, their
chemical and physical properties can also be studied which
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reflects that (cAAC),Fe'Cl acts as a single ion magnet.
Moreover, it shows that the two coordinate metal(0) complexes
of Ni, Co, Fe, and Au act as promising catalysts for various
organic transformations.
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