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Introduction

Low coordinate Zn(i) organocations bearing
extremely bulky NHC ligands: structural features,
air-/water-tolerance and use in hydrosilylation and
hydrogenation catalysis+t

Xuejuan Xu, Jordan Parmentier,
Samuel Dagorne 2 *

Christophe Gourlaouen, ‘& Béatrice Jacques and

This work details the synthesis and characterization of low-coordinate Zn(i)-based organocations [(NHC)
Zn(R)I* incorporating extremely bulky NHCs [ITr] and [IAd] ([ITr] = (ITr] = [(HCNCPh3),C:]; [IAd] =
[(HCNAd),C:], Ad = adamantyl)). Their structural features and particularities are thoroughly assessed as
well as their air and water tolerance. Neutral ITr and IAd adducts [(ITr)Zn(R),] (1, R = Me; 2, R = Et) and
[(IAd)Zn(R);] (3, R = Me; 4, R = Et) were synthesized by reaction of carbene [ITr] or [IAd] with a stoichio-
metric amount of [ZnR;] and isolated in good yields. Despite the steric bulk of [ITr] and [IAd], neutral com-
pounds 1-4 are robust and the solid state structure of adduct 3 was established through X-ray crystallo-
graphic studies as a trigonal monomer Zn(i) species. Adducts 1-4 may readily be ionized by [PhsC][B
(CeFs)4l to afford two-coordinate Zn(i) alkyl cations [(ITr)Zn(Me)l* ([51%) and [(ITrZn(EYI* ([6]%), [(IAd)Zn
(Me)l* ([71%) and [(IAD)Zn(Me)]™ ([8]™), all isolated in high yields (>80%) as [B(CgFs)4]™ salts, which were fully
characterized. Remarkably, cation [(ITNZn(CeFs)l™ (91"), prepared by reaction of [5][B(CeFs)4] with [B
(CgFs)3l, features m—arene interactions with the electrophilic Zn(i), as deduced from solid state data and
further completed by DFT-estimated non-covalent interactions (NCI), indicating that [ITr] may provide
substantial steric and electrostatic stabilization. The latter certainly explains the remarkable stability of
[(ITNZNn(CeFs)™ ([917) towards hydrolysis at RT, as it only coordinates H,O to afford an unprecedented
stable Zn-OH, organocation [10]". Also noteworthy, H>O coordination is reversible allowing recovery of
[(ITNZn(CeFs)1™ cation, even after prolonged air exposure. Yet, controlled hydrolysis of [(ITr)Zn(CeFs)]™ may
occur upon heating with selective protonolysis of the Zn—CgFs bond to afford structurally characterized
dication [(ITNZn(OH)1,2* [11]%*. Interestingly, despite steric hindrance, the air-/water-tolerant cation [(ITr)
Zn(CgFs)l is an effective CO, hydrosilylation catalyst, and was also shown to mediate imine hydrogen-
ation catalysis.

lization/isolation of novel reactive organometallic moieties of
potential interest for small molecules activation/functionali-

Thanks to their exceptional electronic and steric properties,
N-heterocyclic carbenes (NHCs) have become a ubiquitous
class of supporting ligands over the past 30 years for the stabi-
lization of various metal/heteroatom complexes across funda-
mental organometallic chemistry and their applications, most
notably catalysis."™ In particular, the strong c-donation of
NHCs along with their steric tunability has allowed the stabi-
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zation, frequently in a catalytic manner.®™

Though first reported in the early 1990s,'” Zn(i) organoca-
tions have received increased attention over the past ten years
as well-defined Lewis acidic organometallics able to mediate
the catalytic functionalization of various small molecules."® In
particular, the enhanced stability of NHC-stabilized Zn organo-
cations has recently opened the way to numerous Zn-catalyzed
transformations including hydrosilylation of unsaturated sub-
strates (alkenes, alkynes, ketones and CO,), allylic alkylation,
alkyne hydroboration, alkyne dehydroboration/diboration,
C-H borylation of heteroarenes.’*'® In this regard, we earlier
reported that two-coordinate Zn(u) organocations of the type
[(NHC)Zn(R)]" (R = alkyl, aryl) are stable species despite
enhanced electrophilicity and Lewis acidity at Zn(u), and
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behave as effective catalysts for CO,, alkene/alkyne/ketone
hydrosilylation and alkyne hydroboration.'®° Yet, the limited
hydrolytic and thermal stability of [(NHC)Zn(R)]" cations thus
far prepared led us to the development of novel classes of
[(NHC)Zn(R)]" cations for a broader use in catalysis and polar
substrates activation. We earlier observed that bulky-yet-flexible
NHC ligand [IPr*] may provide a limited, though improved,
hydrolytic stability of the resulting [(NHC)Zn(R)]" cation, but it
came along with a poor thermal stability above room
temperature.>’

For more robust [(NHC)Zn-R]" systems, the use of extremely
sterically bulky NHCs, such as [ITr] and [IAd] carbenes (Fig. 1),
was envisaged. Though little used for coordination chemistry,
the [ITr] carbene was shown to stabilize low-coordinate metal
cations, including two-coordinate Ge(n) and monocoordinate
Ag(1) cations.”™**> While the present study was ongoing, [ITt]-
stabilized Zn(u) halides were also reported to exhibit phosphor-
escence properties.”® Besides steric protection, possible arene
n-interactions between [ITr] (the N-CPh; phenyl groups) and
the cationic Zn(u) center may also contribute to the stabiliz-
ation of [(NHC)Zn-R]" cations. In this regard, arene
n-stabilization of a cationic Zn center was recently observed for
several low-coordinate Zn(u) cations.>*2°

We herein report on the synthesis and structure of [(NHC)
Zn(R)]" organocations (NHC = ITr, IAd; R = alkyl, aryl; Fig. 1)
and their reactivity in the presence of H,O and/or air, along
with characterization of the products derived from. The per-
formances of the most robust Zn(u) system in CO, hydrosilyl-
ation and imine hydrogenation catalysis are also discussed.

@

N
[ >—Zn9R’
N

@

Extremely bulky Zn cations
for air and water tolerance

R = CPhg (ITr)
R = Adamantyl (IAd)

R’ = alkyl, aryl

Fig. 1 Studied extremely bulky [(NHC)Zn(R)]* cations.
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Results — discussion

Synthesis and structure of the ITr and IAd zinc alkyl
complexes 1-4 and [5-8][B(C¢Fs5)4]

The preparation of targeted organocations [(ITr)Zn(R)]" and
[(TAd)Zn(R)]" required the synthesis of corresponding neutral
precursors [(ITr)Zn(R),] (R = Me, Et, 1-2; Scheme 1), [IAdZnR;]
(R = Me, Et, 3-4; Scheme 1), which were also fully character-
ized. Adducts 1-4 were synthesized by reaction of carbene [ITr]
or [IAd], both prepared according to literature procedures,”"*’
with one equiv. of [ZnR,] (R = Me, Et) to afford adducts 1-4, all
isolated in high yields as analytically pure colorless solids.
NMR data are consistent with adduct formation with a charac-
teristic upfield chemical shift of the Ciarpene Signal in 1-4
(ranging from 186.9 to 199.0 ppm versus 211.0 and 226.0 ppm
for free [IAd] and [ITr], respectively),”"*® indicating effective
NHC coordination to the Zn(u) center despite severe steric hin-
drance imposed by [ITr] and [IAd].*° The solid state molecular
structure of adduct 2 was established through X-ray crystallo-
graphic analysis and is depicted in Fig. 2. Adduct 2 consists of
a monomeric ITr-stabilized three-coordinate center with a
rather long Zn—Carpene bond distance (2.154(2) A) compared to
that in [(IPr)ZnMe,] (2.112(2) A), presumably due to greater
steric hindrance.?® Yet, no short contacts are detected between
the ITr moiety and ZnEt, fragments in adduct 2, with the
shortest distances being close or above the sum of van der
Waals radii of Zn and Cp: atoms (3.10 A).*° In addition, in line
with robust [(ITr)ZnR,] adducts, the binding energy between
[ITr] and [ZnEt,] was estimated by DFT calculations (@#B97XD/
6-31+G** theory level, AG = —8.2 kcal mol™"). Such adduct
appears more stable than [(IPr)ZnEt,] (AG = —2.1 keal mol ™),
which is probably due to stronger London dispersion inter-
actions in adduct 2.

The Zn-alkyl cations [(ITr)Zn(R)]" ([5]", R = Me; [6]", R = Et;
Scheme 1) and [(IAd)Zn(R)]" ([7]", R = Me; [8]', R = Eg
Scheme 1) were prepared via alkyl abstraction of the corres-
ponding neutral precursors 1-4, respectively. Thus, reaction of
1-4 with 1 equiv. of [Ph;C][B(CeFs),] (PhF, 30 min to 1 h, RT)
afforded organocations [5-8]", which were all isolated in a pure
form as [B(C¢Fs),]” salts in high yields (79 to 92% yield). Salts
[5-8][B(CcFs)4] are stable for days in CD,Cl, and for weeks in
CeDsBr under inert atmosphere. 'H, *C and '°F NMR data for

/R /R /R
N ZnR, N R [PhsC][B(CeF5)4] N ®
> [ >z, [ y—zm—r

N toluene N R’ PhF N o

\ \ \

R R R [B(CeFs5)4l
1, R=CPhz, R’=Me [5]*, R = CPhs, R’= Me
2, R =CPhs, R’ = Et [6]*, R = CPhg, R’ = Et
3,R=Ad,R'=Me [71*, R=Ad, R’=Me
4, R=Ad, R =Et [8]*", R=Ad, R’ =Et

Scheme 1 Synthesis of neutral and cationic Zn—NHC complexes.
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Fig. 2 Molecular structure (ORTEP view) of neutral adduct [(ITr)ZnEt,]
(2). Selected bond distances (A) and angles (°). Zn1-C1 = 2.154(2), C1-
N1 = 1.367(2), C1-N2 = 1.368(2), Zn1-C42 = 2.018(2), Zn1-C44 = 2.012
(2), C42-Zn1-C44 = 123.48(8), C44-Znl1-C1 = 116.76(7), C42-Zn1-C1
= 119.74(7).

all salts are consistent with the formation of [(NHC)Zn(R)]™-
type cations with no observable cation/anion interactions in
solution.?" For instance, in the case of [6]", the Cearpene °C
NMR signal (6 = 172.6 ppm) is significantly upfield shifted
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versus that of neutral adduct 2 (§ = 199.0 ppm), consistent with
a more Lewis acidic Zn(i) center in [6]".*>

The molecular structures of salts [6][B(CeFs)s] and [8][B
(CeFs5),] were further established through X-ray crystallographic
analysis. Both salts crystallize as discrete and fully dissociated
[(1Tr)Zn(Et)]"/[(1Ad)Zn(Et)]” and [B(CeFs)s]~ ions, and the
cations are depicted in Fig. 3. Both cations display overall
similar structural and geometrical features, with a sp-hybri-
dized, two-coordinate Zn(u) center with Zn-Cearpene and Zn-
alkyl bond distances (1.957(3) and 1.927(4) A average) and a
Cnuc—Zn-Et bond angle (176.0(1)° average) similar to those in
cation [(IPr)Zn(Me)]"."° Noticeably, for cation [6]", due to the
enhanced Lewis acidity at the Zn(u) center and the presence of
the N-CPh; substituents, two Ph groups point towards the
metal center with short contacts (Zn1--C36 = 2.882 A,
Zn1---C37 = 3.081 A) slightly below the sum of van der Waals
radii of Zn and Cg: atoms (3.10 A).*° As shown in Fig. 3, even
shorter contacts are observable for the (IAd)Zn cation [8]"
(zZn1---C19 = 2.778 A, Zn1---C5 = 2.853 A), reflecting severe
steric crowding at the Zn center.

Synthesis and structure of cation [(ITr)ZnC4F5]"

The Zn-C¢Fs cations [(ITr)Zn(C¢Fs)]" ([9]", Scheme 2) and
[(1Ad)Zn(C¢F5)]" were next targeted, since expected to be the
most Lewis acidic of the series. The Me/C¢F5 ligand exchange
reaction between cation [(ITr)Zn(Me)]" with [B(C¢Fs)s] (1.5
equiv., PhF, 48 h, RT) quantitatively afforded cation [(ITr)Zn
(C6Fs5)]", which was isolated as [9][B(CeFs)s] in 89% yield. In
contrast, using similar or slightly modified reaction con-
ditions, all attempted synthesis of the IAd cationic analogue

Fig. 3 Molecular structures (ORTEP views) of Zn cations [(ITr)ZnEt]* ([6]*, left) and [(IAd)ZnEt]* ([8]*, right). Selected bond distances (A) and angles
(°). For [6]*: Zn1-C1 = 1.962(1), C1-N1 = 1.353(2), C1-N2 = 1.354(1), Zn1-C42 = 1.930(1), C42-Zn1-C1 = 175.30(6). For [8]*: Zn1-C1 = 1.953(2), C1-
N1 = 1.354(2), C1-N2 = 1.359(2), Zn1-C24 = 1.925(2), C24-Zn1-C1 = 176.72(9).

This journal is © The Royal Society of Chemistry 2024
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N/ N/
® B(CgF ®
[ »—2Zn—Me (CeFsls [ »—2Zn—CgFs
N © PhF, RT N o
CPh, B(CeFs)a CPhg [B(CFs)al
[51[B(CeFs)4l [9][B(CeFs)al

Scheme 2 Synthesis of the [(ITr)Zn(CeFs)]* cation.

Fig. 4 Molecular structure (ORTEP view) of Zn cation [(ITF)Zn(CgFs)l* ([9]%). Sideview on the left and frontview on the right. Two phenyls of each
CPhs group are omitted for clarity. Selected bond distances (A) and angles (°). Zn1-C1 = 1.963(2), C1-N1 = 1.345(2), C1-N2 = 1.355(2), Zn1-C42 =

1.938(1), Zn1---C6 = 2.587(1), C42-Zn1-C1 = 154.85(6).

[(1Ad)Zn(CgFs)]" were unsuccessful and only led to unidentified
products. This may be due to the instability of cation [(IAd)Zn
(CFs5)]" for steric reasons.

As established through XRD analysis, salt [9][B(CeFs).] crys-
tallizes as dissociated [9]" and [B(CcF5),]” ions, and the struc-
ture of [9]" is shown in Fig. 4. Cation [9]" indeed consists of a
two-coordinate Zn(u) cation supported by a ITr ligand and a
C¢Fs~ X-type ligand. The geometrical/bonding parameters of
[9]" are broadly similar to those of the Zn-Et" cation [6]" dis-
cussed above. However, reflecting the stronger Lewis acidity of
[9]" versus [6], significantly shorter Zn---Ph n-interactions are
observed in [9]" (Zn1---C6 = 2.587 A, Zn1---C37 = 2.619 A;
Fig. 4), suggesting the actual formation of a (;'-arene),Zn
n-complex. Such interactions probably explain the significantly
smaller NHC-Zn-C bond angle (154.85(6)°) in [9]" compared
to those in [6]" (175.30(6)°) and [8]" (176.72(9)°). For compari-
son, the observed Zn---Ph distances in [9]" (2.603 A average)
are in a similar range to those in the benzene complex [(Et)Zn
(7°-benzene)][CHB,,Cl;;] (2.529 A average)** and toluene
complex  [(Et)Zn(;*-toluene), JAHOC(CF;);}s]  (2.555 A
average),”®> but are longer than in [(BDI)Zn(;*-benzene)][B
(CeFs5)4] (BDI = p-diketiminate, 2.380 A average).2®

For further insight, DFT-estimated Non Covalent
Interactions (NCI) of a model of cation [9]", IX (Fig. 5), further
confirm attractive interactions including dispersion forces

15852 | Dalton Trans., 2024, 53, 15849-15858

(light green basins) and electrostatic interactions (blue basins)
between the Zn center and the two “sandwiching” Ph rings.

Lewis acidity of IAd-/ITr-stabilized Zn organocations

The Fluoride Ion Affinity (FIA) of Zn organocations [(IAd)Zn
(EO]" (81, [(Tr)zn(EQ)]” ([6]') and [(ITr)Zn(CeFs)]" ([9]°) was
calculated by DFT (B3LYP/6-31+G**, see ESI{ for more details)
to assess their Lewis acidity.”® As previously validated and
used in comparable systems involving Zn cations, such level of
theory was found appropriate since it constitutes a reasonable
compromise between accuracy and efficiency, allowing calcu-
lations on large systems at an acceptable cost/time.**
According to FIA data, [(IAd)Zn(Et)]" is the most Lewis acidic
of all three evaluated cations ([8]", FIA = 129.7 kJ mol ™, [6]",
FIA = 102.1 k] mol™"; [9]", FIA = 118.5 kJ mol™"), indicating
that the voluminous CPh; groups in the ITr moiety along with
the mn-arene-Zn interactions significantly quench the Lewis
acidity of the Zn center in (ITr)Zn cations. In line with
the latter, the Lewis acidity of [(ITr)Zn(CeF5)]" ([9]") is also
significantly lower than that of benchmark [(IPr)Zn(CeFs)]"
cation (FIA = 156 k] mol™")."® The larger FIA for the (IAd)Zn
alkyl cation [8]" vs. and its ITr analogue [6]" further
indicates the superior stabilization of the Zn center provided
by carbene [ITr].

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Non covalent interactions (NCI) isosurface (h = 0.65) for model cation [(ITr)Zn(CgFs)1* (VI), as estimated by DFT calculations at the ®B97XD/
6-31+G** theory level. Green areas correspond to attractive van der Waals interactions, blue areas indicate electrostatic interactions, and red areas

indicate repulsive steric congestion.

Reactivity of cation [(ITr)Zn(C4F5)]" with H,O and air stability

A primary goal of the present study was to access [(NHC)Zn
(R)]" cation with significantly improved stability under and/or
under hydrolytic conditions. Initial studies on the reaction of
the Zn-alkyl cations [(ITr)Zn(R)]" ([5]" and [6]") with H,O (1
equiv.) in C¢D5Br at room temperature immediately led to the
formation of an intractable mixture of species (<15 min),
among which methane/ethane and imidazolium [ITr-H]"
could be identified. In contrast, the reaction of [(ITr)Zn(CeF5)]"
with 1 equiv. of H,O (C¢DsBr, room temperature) led to the
immediate and quantitative formation of the cationic water
adduct [(ITr)Zn(CeF5)(OH,)]" ([10]", Scheme 3) as a dissociated
[B(CeFs)4]” salt, as deduced from 'H, *C, '°F, 2D HSQC and
2D HMBC NMR data (see ESIf). In particular, the "H NMR
spectrum contains a characteristic Zn-OH, signal for two
protons (6 = 2.33 ppm) while *C and 2D NMR data are all con-
sistent with the (ITr)Zn(C¢Fs)" fragment retaining its integrity,

CPhy
N ® H,0 (1 equiv)
[ >_Zn - CSFS
N vacuum
\ © - H,0
CPhz  B(CgFs)s
[91[B(CeF5)al

Scheme 3 Air and hydrolysis stability of cation [(ITr)Zn(CeFs)1*.

This journal is © The Royal Society of Chemistry 2024

with the Cearbene chemical shift of [10]" being only slightly
shifted upon H,O coordination (6 = 168.8 and 166.4 ppm for
[10]" and [9]", respectively). To our knowledge, this is the first
instance of a characterized stable water adduct of a Zn(u)
organocation.

Remarkably, [10][B(C¢Fs),] is stable for weeks in CD,Cl, or
CeDsBr under inert atmosphere, with no sign of decompo-
sition after a month from 'H NMR data. Interestingly, H,O
coordination to [9]" appears reversible with the complete recov-
ery of water-free cation [9]" upon exposure of a solution of [10]"
under vacuum (2 x 10~ mbar, overnight), which also unfortu-
nately precluded the isolation of [10][B(C¢F5)4] in a pure form.

The air stability of salt [9][B(CeFs)s] was also evaluated.
Leaving solid [9][B(CeFs)s] (colorless powder) for a month
under air (open vial) at room temperature resulted in no
visible change, but "H NMR data showed the complete and
selective formation of water adduct [10][B(C¢Fs),], which was
then converted back to [9][B(CeFs),] under vacuum. This indi-

CPhg
EN>_® CeFs
| n"

N o

cPh; H o

[B(CeFs)4l

stable for weeks
under air

[10][B(CéFs)a]

Dalton Trans., 2024, 53,15849-15858 | 15853
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cates that cation [(ITr)Zn(CeFs)]" may be readily recovered
without any alteration upon prolonged air exposure.

For further characterization of the cationic water adduct
[10][B(CgFs)4), its Bransted acidity/pK, value was also evaluated
through DFT calculations (©0B97XD/6-31+G** theory level).
Estimations were done in MeCN (through a PCM) using a rela-
tive method involving an acid for which the pK, is experi-
mentally known (see ESIf for further details). The pK, of
cation [10]" was computed to be around 21, thus indicating
significantly more acidic water protons in [10]" than those of
free water (the pK, of H,O in MeCN has been reported to lie
between 38 and 41).%° Therefore, despite ready decoordination
of H,O0 from [10]" under vacuum, there is substantial H,O acti-
vation by the Zn(u) cationic center in cation [10]".

Though stable at room temperature, the water adduct
[10][B(CeFs)4] slowly reacts upon heating (C¢DsBr, 60 °C,
24 h) to afford a 1/1 C¢FsH/[10][B(CeF5),] mixture, in line
with a 50% hydrolysis of the Zn-C¢Fs bond in [10][B
(C6F5)a], as deduced from 'H and '°F NMR data (see ESIft).
Crystallization of salt [(ITr)Zn(p-OH)],[B(CeFs)s]. ([11][B
(C6Fs5)4]2) as single crystals from the mixture (28% yield) led
to its formulation after structure determination by XRD
analysis, and elemental analysis. The poor solubility of salt
[11][B(C6Fs)s], in common organic solvents, including
CH,Cl,, benzene, MeCN and THF, prevented any NMR
characterization. Salt [11][B(C¢Fs)4], crystallizes as fully dis-
sociated [(ITr)Zn(p-OH)],** ([11]*") and [B(CFs)s]” ions,
and the molecular structure of the Zn di-cation [11]** is
shown in Fig. 6. Di-cation [ITrZn(p-OH)],>* consists of a
centrosymmetric dimer associating two [(ITr)Zn(OH)]" frag-
ments via two p-OH bridging hydroxides, and constitutes a
unique example of structurally characterized [(NHC)Zn

Zn1

View Article Online
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(OH)]*-type species.’>® The two NHC rings are coplanar and
form an angle of 69.920° with the [Zn,0,] central core
plane. The Zn-O bond distances (Zn1-O1 = 1.907(2) A,
Zn1'-0O1 = 1.938(2)) are in the normal range for Zn-O
distances.

CO,, hydrosilylation and imine hydrogenation catalysis by
cation [(ITr)Zn(CeF5)|[B(CsFs)4] ([9][B(CeFs5)a])

Cation [9]" was tested in CO, hydrosilylation catalysis given the
importance of such transformation and the known ability of
Lewis acids for functionalize CO, with hydrosilanes.?” Though
inactive at room temperature, cation [9]" (5 mol%) reduces CO,
(1.5 bar) to a 95/5 CH,/MeOSiEt; (C¢DsBr, 90 °C) in the pres-
ence of HSiEt; (20 equiv. vs. [9][B(C¢Fs)4]) with complete silane
conversion after 18 h (Scheme 4), a comparable activity to Zn
cation [(IPr)Zn(CeFs)]"."* In contrast, the less robust Zn-alkyl
cations [5]-[8]" showed no activity under such conditions.

[91* (5% mol)

CO, + HSiEty 95/5 CH,/MeOSiEtg
90 °C, 18 h
-Et;Si-O-SiEt, quantitative
N B [9]* (5% mol) yn - BU
)J\ + H, (2 bar) —_—
Ph H 90°C, 24 h Ph
90% conv.

Scheme 4 CO, hydrosilylation and imine hydrogenation catalysis using
[91[B(CeFs)al.

Zn1’

Fig. 6 Molecular structure of Zn dication [(ITr)Zn(u-OH)l,2* ([11]%*). Selected bond distances (A) and angles (°). Zn1-C1 = 1.980(2), C1-N1 = 1.361
(3), C1-N2 = 1.356(3), Zn1-01 = 1.907(2), Zn1'-0O1 = 1.938(2), O1-Zn1-C1 = 146.30(8), O1-Zn1-01" = 80.16(8), Zn1-01-Zn1' = 99.84(8).
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Based on 'H and '°F NMR monitoring as the catalysis pro-
ceeds, cation [9]" retained its integrity till the end of the reac-
tion, in line with a Lewis-acid-type mechanism."’

Lewis acidic cation [9]" was tested in imine hydrogenation
catalysis, as hydrogenation catalysis mediated by discrete and
well-defined Zn(u) species remains little explored.***' In the
presence of cation [9]" (5 mol%) and H, (2 bar), aldimine
PhCH=N¢Bu is hydrogenated to the corresponding amine
PhCH,-NH¢Bu (90% NMR yield, C¢DsBr, 90 °C) after 24 h of
reaction, as deduced from NMR spectroscopic data. For com-
parison, benchmark cation [(IPr)Zn(C¢Fs)]" showed no catalytic
activity under identical conditions. As monitored by 'H and
F NMR, cation [9]" gradually decomposes to unknown
species over the course of imine hydrogenation catalysis
(24 h), complicating any clear-cut mechanistic proposal on the
hydrogenation reaction. Yet, the involvement/formation of
transient Zn-H species that would form from cation [9]
appears required for imine hydrogenation, as has been
observed in several imine hydrogenation catalysed by Zn
complexes.*®*" In the present case, Frustrated Lewis Pair type
reactivity is likely to operate with, under catalytic conditions, a
heterolytic splitting of H, by an in situ formed [9]'/
PhCH=N¢Bu Lewis pair resulting into the transient neutral
Zn-H species [(ITr)Zn(CeFs)(H)] along with iminium
[PhCH=N(H)(¢Bu)]", reminiscent of the reactivity of NHC/
Cp*,Zn Lewis pairs.*® From there, PhCH=N¢Bu insertion in
the Zn-H may proceed to form the corresponding Zn-amido
species that may then undergo protolysis with the iminium
moiety, producing the amine product and re-generating cation
[9]". Alternatively, a direct hydride transfer from initially gener-
ated [(ITr)Zn(CeFs)(H)] to iminium [PhCH=N(H)(tBu)]" may
also occur, generating the amine product and re-generate [9]".

Hartwig recently showed that catalytically active transient
Zn-H species may be generated from Zn-OH moieties of car-
bonic anhydrase enzymes and hydrosilanes in water medium,
systems that were successfully exploited for enantioselective
ketone hydrosilylation catalysis.*” As potential Zn-OH sources,
the cationic water adduct [10]" (generated in situ) and the Zn
hydroxide dication [(ITr)Zn(OH)],>* ([11]**) were also tested in
imine hydrogenation catalysis (5 mol% cat., Py, = 2 bar). Both
cations displayed no catalytic activity after 24 h at 90 °C in
CsDsBr. As monitored by "H and '°F NMR, cation [10]" slowly
converted to a [Zn(OH)]"-type species, likely [11]*" over the
course of the catalytic test, as deduced from the formation of
hydrolysis product C¢FsH. The presumed stability of dicationic
dimer [11]** against dissociation under the studied conditions
may play a role in its lack of reactivity.

Conclusion

Two-coordinate Zn organocations [(NHC)Zn(R)]" bearing extre-
mely bulky NHC ligands [ITr] and [IAd] were first prepared and
characterized for improved robustness and hydrolytic stability.
While IAd-stabilized Zn cations display a limited stability,
possibly due to a too severe steric hindrance of adamantyl
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groups at the Zn(u) center, [ITr] carbene is much better suited
and leads to Zn(u) organocations with significantly increased
robustness combining a voluminous steric protection of the Zn
center and stabilization through the formation of arene---Zn
n-bonding interactions. Thus, [ITr]-stabilized Zn cation [(ITr)
Zn(CgF5)]" is stable towards hydrolysis at RT, since only coordi-
nating H,O to afford an unprecedented stable cationic water
adduct. Remarkably, H,O coordination is reversible allowing
recovery of [(ITr)Zn(C¢Fs)]" cation, even after prolonged air
exposure. Yet, controlled hydrolysis of [(ITr)Zn(CcFs)]" may
occur upon heating with the selective protonolysis of the Zn-
CeF5 bond to afford structurally characterized dication [(ITr)Zn
(OH),™".

Despite steric hindrance, cation [(ITr)ZnC¢Fs]" is an
effective CO, hydrosilylation catalyst, and was also shown to
mediate imine hydrogenation catalysis. Cation [(ITr)Zn(CgFs)]",
a well-defined air-, water-tolerant Lewis acid available via a
couple of synthesis steps from commercial available reagents,
could be of potential interest in Lewis acid-type transform-
ations requiring broader substrates/medium tolerance.

Experimental section
Material, reagents, and experimental methods

All experiments were performed under inert atmosphere using
standard glove box or Schlenk techniques. Solvents were
freshly distilled under N, following standard procedures or
dispensed from a commercial purification system and then
stored over 4 A molecular sieves. Deuterated solvents were
used as received and stored over 4 A molecular sieves. NMR
spectra were recorded on Bruker Avance I-300 MHz, Bruker
Avance II1-400 MHz, Bruker Avance II-500 MHz, and Bruker
Avance I1I-600 MHz spectrometers. NMR chemical shift values
were determined relative to the residual protons in CgDs,
CeDsBr and CD,Cl, as internal reference for 'H (6 of the most
downfield signal = 7.16, 7.29, 5.32 ppm) and “C{"H} (5 of the
most downfield signal = 128.06, 130.92, 53.84 ppm). Elemental
analysis of all complexes were performed at the elemental ana-
lysis service of the University of Strasbourg. ZnMe,, ZnEt,, and
[CPh;][B(CeFs)4] obtained from Strem Chemicals.
B(CeF5); was obtained from TCI Europe and recrystallized from
cold pentane prior to use. Carbene [ITr] and salt [IAd-H][BF,]
were prepared according to literature procedures.**’

were

Carbene [IAd]

In a dry box, the salt [IAd-H][BF,] (1.50 g, 3.54 mmol) was dis-
solved in THF (70 mL). NaH (128 mg, 5.30 mmol) and a cata-
Iytic amount of tBuOK (39.8 mg, 0.350 mmol) were then added
to the mixture, and the reaction flask was vigorously stirred at
room temperature overnight. The resulting mixture was then
evaporated to dryness under vacuum and the solid residue
extracted with toluene (50 mL) and filtered through a Celite
pad. Evaporation of the filtrate and subsequent recrystalliza-
tion of the crude off-white solid (1/1 pentane/toluene mixture,
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—30 °C) afforded NMR-pure carbene [IAd] (70% yield), which
was used as is.”®

[(ITr)Zn(Me),] (1)

In a dry box, to a stirring solution of [ITr] free carbene (0.600 g,
1.09 mmol) in toluene (10 mL) was added at once (via a syringe)
ZnMe, (100.0 pL, 1.46 mmol, 1.34 eq.), leading to the massive
precipitation of a colorless solid after 30 min. Pentane (50 mL) is
then added to the mixture followed a filtration through a glass
frit. The collected solid is then washed three times with pentane
(3 x 15 mL) and dried under vacuum to yield analytically pure
adduct 1 (0.549 g, 85% yield). Anal. Caled for C,;3H3gN,Zn: N,
4.32; C, 79.68; H, 5.91. Found: N, 4.51; C, 79.45; H 6.04. 'H NMR
(500 MHz, CD,Cl,): § (ppm) 7.34-7.20 (m, 30H, Ar-H), 6.89 (s,
2H, NCHCHN), —2.13 (s, 6H, ZnMe). *C NMR (125 MHz,
CD,Cl,): & (ppm) 142.9 (Cay), 130.6 (Cay), 128.5 (Cay), 128.0 (Cayr),
122.1 (Cay), 78.3 (NCCN), —6.8 (ZnMe).

[(ITr)Zn(Et),] (2)

Adduct 2 was prepared following an identical experimental
procedure to that used for the synthesis of 1 but using ZnEt,
as the Zn precursor. Species 2 was isolated in 91% yield,
615 mg. Anal. Caled for C45H4,N,Zn: N, 4.14; C, 79.93; H 6.26.
Found: N, 4.21; C, 80.11; H 6.33. *H NMR (500 MHz, C¢Dy): &
(ppm) 7.35-7.34 (d, J = 7 Hz, 12H, Ar-H), 7.19-7.14 (m, 12H,
Ar-H), 7.10-7.7 (t, J = 7 Hz, 6H, Ar-H), 6.58 (s, 2H, NCHCHN),
1.27 (t, J = 8zz Hz, 6H, Zn(CH,CH3),), —0.59 (q, J = 8.0 Hz, 4H,
Zn(CH,CH3),). "*C NMR (125 MHz, Ce¢Dg): 6 (ppm) 199.0
(Cearbene), 142.9 (Cay), 130.6 (Cpy), 128.4 (Cyy), 128.0 (Cpy), 121.7
(Car), 78.4 (NCCN), 15.0 (Zn(CH,CHj),), 7.00 (Zn(CH,CHj),).

[1Ad)Zn(R),] (3, R = Me; 4, R = Et)¥

Species 3 and 4 were prepared following identical procedures
to those for 1 and 2 starting from [IAd] (100 mg, 0.297 mmol)
and ZnR, (1.3 equiv.). Yield in 3: (120 mg, 94%). Yield in 4
(109 mg, 80%). Data for 3. Anal. Caled for C,;H3gN,Zn: N,
6.48; C, 69.51; H 8.87. Found: N, 6.62; C, 69.34; H 8.73. 'H
NMR (500 MHz, C¢Dg): 6 (ppm) 6.64 (s, 2H, NCHCHN), 2.08
(m, 12H, H-Ad), 1.90 (bs, 6H, H-Ad), 1.48 (d, J = 13 Hz, 6H, H-
Ad), 1.41 (d, J = 13 Hz, 6H, H-Ad), 0.10 (s, 6H, ZnMe,). °C
NMR (125 MHz, C¢Dg): & (ppm) 186.9 (Cearbene)s 115.8 (NCCN),
58.2 (Caq), 43.9 (Caq), 35.9 (Caa)y 30.0 (Caq), —7.0 (ZnMe,). The
"H and *C NMR data for 4 in C¢Dg matched those reported in
the literature.*?

[(T)Zn(R)|[B(CAES).] (51", R = Me; [6], R = EY)

To a solution of neutral [(ITr)Zn(R),] (adduct 1 or 2,
0.065 mmol) in PhF (1 mL) was added dropwise a yellow solu-
tion of [CPh;][B(CsFs)4] (0.060 g, 0.065 mmol, 1 equiv.) in PhF
(1 mL). The reaction mixture was stirred for 30 min at room
temperature, and the solvent was then evaporated under
vacuum. The resulting oily residue was triturated with
n-pentane (3 x 5 mL) affording a colorless solid, which was
then dried under vacuum to yield salt [5][B(C¢Fs)s] or [6][B
(C6Fs)4] as an analytically pure powder ([5][B(CeF5)4]: 70.5 mg,
84% yield; [6][B(C¢sF5)s]: 101.4 mg, 92% yield). Data for [5][B
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(C6Fs5)s] Anal. Caled for CeeHz5BF,0N,Zn: N, 2.13; C, 60.41; H
2.69. Found: N, 2.21; C, 60.34; H 2.76. '"H NMR (500 MHz,
CD,Cl,): 6§ (ppm) 7.51-7.40 (m, 18H, ArH), 7.35 (s, 2H,
NCHCHN), 7.20-7.15 (m, 12H, ArH), —1.75 (s, 3H, ZnCH,;). **C
NMR (125 MHz, CD,CL,): § (ppm) 171.6 (Cearbene), 148.5 (d, Jcr
= 242 Hz, 0-CcFs), 140.8 (C-Ar), 138.6 (d, Jcr = 250 Hz, p-CcFs),
136.6 (d, Jcr = 244 Hz, m-CeFs), 130.3 (Cp,), 130.0 (Ca), 129.6
(Car), 123.3 (NCCN), 79.3 (CPh;), —13.2 (ZnCH;) ppm. '°F NMR
(282 MHz, CD,ClL,): § (ppm) —133.1 (d, 0-CsFs), —163.7 (t, Jrr =
20.5 Hz, p-C¢Fs), —167.6 (t, Jer = 18.8 Hz, m-C4Fs). Data for
[6][B(CeF5)s]. Anal. Caled for Cg;Hj,BF,0N,Zn: N, 2.11; C,
60.38; H 2.81. Found: N, 2.15; C, 60.53; H 2.95. '"H NMR
(500 MHz, CD,Cl,): § (ppm) 7.49-7.41 (m, 18H, ArH), 7.32 (s,
2H, NCHCHN), 7.17-7.12 (m, 12H, ArH), 0.23 (t, J = 8.1 Hz, 3H,
Zn(CH,CH3)), —0.86 (q, J = 8.1 Hz, 2H, Zn(CH,CH3),). *C NMR
(125 MHz, CD,Cl,): § (ppm) 172.6 (Ccarbene), 148.5 (d, Jcr = 241
Hz, 0-C¢F5), 141.0 (C-Ar), 138.6 (d, Jcr = 241 Hz, p-C4Fs), 136.6
(d, Jor = 241 Hz, p-C4F5), 130.2 (Cpy), 130.0 (Cap), 129.4 (Cay),
122.7 (NCCN), 79.1 (CPhz), 10.3 (Zn(CH,CHj;),), 2.6 (Zn
(CH,CHj,3),). "°F NMR (282 MHz, CD,Cl,): § (ppm) —133.1 (d,
0-CgFs), —163.8 (t, Jyr = 20.5 Hz, p-CeF5), —167.6 (t, Jpr = 18.8
Hz, m-CgFs).

[(1Ad)Zn(R)][B(CeF5)a] ([7], R = Me; [8]", R = Et)

To a solution of neutral [(IAd)Zn(R),] (adduct 3 or 4,
0.231 mmol) in PhF (2 mL) was added dropwise a yellow solu-
tion of [CPh;][B(CeFs),] (213 mg g, 0.231 mmol, 1 equiv.) in
PhF (1 mL). The reaction mixture was stirred for 1 h at room
temperature, and the solvent was then evaporated under
vacuum. The resulting oily residue was triturated with
n-pentane (3 x 5 mL) affording an colorless solid, which was
then dried under vacuum to yield salt [7][B(CeFs)s] or [8][B
(C6Fs5)4] as an analytically pure orange powder ([7][B(CeFs5)4]:
182 mg, 79% yield; [8][B(CcF5)4]: 198 mg, 84% yield). Data for
[7][B(CeF5)4]. Anal. Caled for C,sH35BF,0N,Zn: N, 2.71; C,
55.94; H 3.42. Found: N, 2.62; C, 55.78; H 3.28. 'H NMR
(500 MHz, CD,Cl,): § (ppm) 7.47 (s, 2H, NCHCHN), 2.37 (bs,
6H, HAd), 2.17 (bs, 12H, HAd), 1.88 (bd, J = 12.6 Hz, 6H, HAd),
1.76 (bd, J = 12.6 Hz, 6H, HAd), 0.01 (s, 3H, ZnMe). >*C NMR
(125 MHz, CD,Cl,): § (ppm) 155.3 (Ccarbene), 148.5 (d, Jcr = 239
Hz), 138.6 (d, Jcr = 247 Hz), 136.7 (d, Jcr = 244 Hz), 120.5
(NCCN), 60.1 (CAd), 45.6 (CAd), 35.5 (CAd), 30.1 (CAd), —10.4
(ZnMe). "°F NMR (282 MHz, CD,CL,): § (ppm) —133.1 (t, Jegr = 5
Hz, 0-CgFs), —163.7 (t, Jgr = 20 Hz, p-CcF5), —167.5 (t, Jer = 13
Hz, m- CgFs). Data for [8][B(CeFs)s]. Anal. Caled for
CaoH;,BF,0N,Zn: N, 2.68; C, 56.33; H 3.57. Found: N, 2.75; C,
56.01; H 3.35. 'H NMR (500 MHz, CD,Cl,): § (ppm) 7.46 (s,
2H, NCHCHN), 2.37 (bs, 6H, HAd), 2.16 (bs, 12H, HAd), 1.88
(bd, J = 12.6 Hz, 6H, HAd), 1.76 (bd, J = 12.6 Hz, 6H, HAd), 1.29
(t, J = 8.1 Hz, 3H, ZnEt), 0.86 (q, / = 8.1 Hz, 2 H, ZnEt). *C
NMR (125 MHz, CD,Cl,): § (ppm) 155.5 (Ccarbene), 148.5 (d, Jor
=241 Hz), 138.6 (d, Jor = 242 Hz), 136.7 (d, Jor = 242 Hz), 120.4
(NCCN), 59.9 (Cpa), 45.6 (Caq), 35.6 (Cad)y 30.2 (Cag), 11.0
(ZnEt), 3.7 (ZnEt) ppm. "°F NMR (282 MHz, CD,ClL,): § (ppm)
—133.1 (t, Jgr = 5 Hz, 0-C¢F5), —163.7 (t, Jrr = 20.4 Hz, p-CeFs),
—167.6 (t, Jyr = 18 Hz, m-C¢Fs).
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[(ITr)Zn(C6F5)][B(C6F5)a] ([9][B(CoFs)a])

A colorless PhF (2 mL) solution of B(Cg¢Fs); (0.300 g,
0.586 mmol, 1.5 equiv.) was added all at once to a solution of
[(ITr)Zn(Me)][B(CeFs5)4] (0.250 g, 0.386 mmol, 1 equiv.) in PhF
(5 mL). The reaction mixture was stirred for 48 h at room temp-
erature. The volatiles were then evaporated under vacuum and
the resulting white solid residue was triturated with n-pentane
(3 x 5 mL) then dried under vacuum. Recrystallization of the
latter from a 1/1 CH,Cl,/pentane mixture stored at —30 °C
afforded pure [9][B(CsFs)4] as a colorless solid (0.501 g, 89%
yield). Anal. Caled for C,1H3,BF,5N,Zn: N, 2.00; C, 60.96; H
2.30. Found: N, 2.09; C, 60.71; H 2.43. 'H NMR (500 MHz,
CD,ClL): 6 (ppm) 7.50-7.37 (m, 20H, ArH for 18H and
NCHCHN for 2H), 7.26-7.18 (m, 12H, ArH). “C NMR
(125 MHz, CD,CL): 5 (ppm) 166.4 (Cearpenc), 148.5 (d, Jor =
242.0 Hz, 0-C¢Fs), 140.3 (C-Ar), 138.6 (d, Jor = 243.5 Hz,
p-CeFs), 136.7 (d, Jor = 245 Hz, m-CgFs), 130.7 (CAr), 130.5
(CAr), 129.2 (CAr), 125.6 (NCCN), 79.4 (CPh;). '"F NMR
(282 MHz, CD,Cl,): § (ppm) —114.2 to —114.4 (m, Zn-0-C¢Fs),
—133.1 (d, 0-B(CeFs)s), —152.0 (t, Jer = 19.4 Hz, Zn-p-C¢Fs),
—160.4 to —160.8 (m, Zn-m-CgFs), —163.8 (t, Jpr = 20.4 Hz, p-B
(C6Fs)a), —167.60 (t, m-B(CeFs),)-

Generation of the water cationic adduct [(ITr)Zn(CeF5)(OH,)|[B
(CoFs)a] ([10][B(C4F5)a])

In a dry box, in a vial sample, [9][B(C¢Fs)s] (32.5 mg,
0.022 mmol) was dissolved in C¢DsBr (0.5 mL) and a stoichio-
metric amount of H,O (0.4 pL, 0.022 mmol) was then added.
The resulting colorless solution was quickly stirred, transferred
to a J-Young-type NMR tube and it was immediately analyzed
by "H NMR spectroscopy showing the quantitative formation
of water cationic adduct [(ITr)Zn(CeF5)(OH,)][B(CsFs)4] ([10][B
(CgF5)4]). *C, '°F, 2D HSQC and 2D HMBC NMR data are all
consistent with the proposed formulation (see ESIT). "H NMR
data of [10][B(C¢Fs)s], as monitored over the course of a
month, showed no change indicating the remarkable stability
of such Zn(n) organocation at room temperature. 'H NMR
(500 MHz, C¢D5Br): § (ppm) 7.15-7.10 (t, 12H, ArH), 7.05-6.91
(m, 18H, ArH), 6.83 (s, 2H, NCHCHN), 2.33 (s, 2H, Zn-OH,).
3C NMR (125 MHz, CD,Cl,): 6 (ppm) 168.8 (Cearbene), 148.5 (d,
Jor = 242.0 Hz, 0-CcF5), 147.8 (d, Jcp = 242.0 Hz, Zn-CeFs), 140.0
(C-Ar), 138.6 (d, Jcr = 243.5 Hz, p-CeFs), 136.7 (d, Jor = 245 Hz,
m-CgFs), 130.7 (CAr), 130.5 (CAr), 129.2 (CAr), 122.2 (NCCN),
78.8 (CPhy). "°F NMR (282 MHz, CD,Cl,): § (ppm) —116.1 to
—116.25 (m, Zn-0-C¢Fs), —131.6 (d, 0-B(CFs)4), —152.5 (t, Jer =
19.4 Hz, Zn-p-CeFs), —159.9 (m, Zn-m-C¢Fs), —162.0 (t, Jep =
20.4 Hz, p-B(CgFs)4), —165.8 (t, m-B(CeFs)4).

Attempted isolation of [10][B(C¢Fs)4]

In a vial sample, [9][B(CcFs)4] (65.2 mg, 0.044 mmol) was dis-
solved in PhBr (2 mL) and a stoichiometric amount of H,O
(0.8 pL, 0.044 mmol) was then added. The resulting colorless
solution was stirred for 30 min and evaporated to dryness
under vacuum to afford a colorless solid, identified as the
starting salt [9][B(CeF5)s]. Attempted crystallization of the
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water adduct [10][B(CeFs),] through various solvent diffusion
approaches (and no evaporation) remained unsuccessful.

[{(ITr)Zn(p-OH)},|[B(C6Fs)s]. [11][B(CeF )4l

In a dry box, the water adduct [(ITr)Zn(CeF5)(OH,)]|[B(CeFs)4]
(0.022 mmol) was in situ generated as described above on a
NMR scale. The capped NMR tube containing a CgDsBr
(0.5 mL) of [10][B(CcFs)4] was then heated at 60 °C for 24 h. 'H
and '°F NMR analysis agree with the presence of a 1/1 C¢FsH/
[10][B(CF5)4] mixture, in line with a 50% hydrolysis of the Zn-
CeFs bond of the starting [10][B(CeFs)4]- Evaporation of the
crude mixture and crystallization of the residue from CH,Cl,/
pentane solvent layers led the crystallization of [11][B(C¢Fs)a]>
(28% yield), whose identity was established by single crystal
XRD and elemental analysis data. The obtainment of NMR
data for once crystallized [11][B(CcF5)4], was not possible due
to its poor solubility. Anal. Caled for C;30HeeB2F40N40,Zn,: N,
2.24; C, 62.41; H 2.66. Found: N, 2.35; C, 62.76; H 2.87.
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