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Abstract: The treatment of cyclic thioureas with the aluminum-
(I) compound NacNacAl (1I; NacNac=[ArNC(Me)CHC-
(Me)NAr], Ar=2,6-Pr,CsH;) resulted in oxidative cleavage
of the C=S bond and the formation of 3 and 5, the first
monomeric aluminum complexes with an AI=S double bond
stabilized by N-heterocyclic carbenes. Compound 1 also
reacted with triphenylphosphine sulfide in a similar manner,
which resulted in cleavage of the P=S bond and production of
the adduct [NacNacAI=S(S=PPh;)] (8). The AES double
bond in 3 can react with phenyl isothiocyanate to furnish the
cycloaddition product 9 and zwitterion 10 as a result of
coupling between the liberated carbene and PhN=C=S. All
novel complexes were characterized by multinuclear NMR
spectroscopy, and the structures of 5, 9, and 10 were confirmed
by X-ray diffraction analysis. The nature of the AI=S bond in 5
was also probed by DFT calculations.

The activation of robust bonds on metal centers is at the
heart of many catalytic processes.!! Although there are
different methods of bond activation, oxidative addition is
one of the most important and challenging.”) Earlier studies
were concerned with the activation of stable, but relatively
reactive, bonds, such as H-H,”) H-SiR;,* and C—X (X = Cl-
I)." Later, focus was shifted towards the oxidative addition of
C-H/ C-C[" and even more robust C—O® and C-F
bonds.”! More recently, oxidative addition to main-group
elements has received increased attention!'” in the context of
developing cheaper and more benign main-group surrogates
for the traditional transition-metal catalysts,'!! and examples
of H-H " Si—H,® and C—X!"! (X = CI-I) addition reactions
have been reported. This research has culminated in obser-
vations of the oxidative addition of C—O and C—F bonds to
low-valent main-group compounds.™® Given this success,
a logical question arises: What about the activation of
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multiple bonds? Transformations of unsaturated bonds by
metathetical reactions with transition-metal complexes are
well-known,'® but formal oxidative addition reactions are
limited. Examples include activation of the weak N=N bond
in diazenes, RN=NR, by low-valent metals, such as alumi-
num,'” chromium,'™ and vanadium,™ the cleavage of
destabilized C=C bonds in electron-rich tetraamino-substi-
tuted olefins, (R,N),C=C(NR,),,””) and activation of the C=S
bond in carbon disulfide.”"??! Rare examples of the oxidative
addition of a robust multiple bond include the activation of
the C=C bond of quinoxaline by a tungsten complex, as
reported by Sattler and Parkin,” carbon—carbon bond
cleavage of benzene by a trinuclear titanium hydride, as
demonstrated by Hou and co-workers,* and silylene inser-
tion into the aromatic carbon-carbon bond of benzene upon
photoirradiation, as documented by Kira et al.” Closely
related to the current study is the report by Okazaki and co-
workers on the cleavage of the C=S bond of CS, at a silylene
center to give a sulfide-bridged Si'¥ derivative®*?"! as well as
the reaction of a diarylborinium cation with carbon disulfide,
which was shown by Shoji et al. to yield a thioaroyl cation as
a result of C=S bond cleavage.” Herein we report the
oxidative addition of stable C=S and P=S bonds to an Al'
compound, which led to the first aluminum sulfide with
a terminal AI=S bond.

Following the recent finding that compound 1 can oxida-
tively add very strong o C—O (86 kcalmol ') and C—F bonds
(116 kcalmol 1), we became curious as to whether the
oxidative cleavage of multiple bonds at the same metal atom
was possible. Complete oxidative addition of R, X=YR,, to
Al' is not possible because the reaction would be a four-
electron process and Al' can only be oxidized to AI".
However, we supposed that if either the R, X or R,Y
fragment could act as a two-electron donor to the resulting
metal center, the oxidative cleavage of this multiple bond
would be an allowed, two-electron process. Our attention was
drawn to thioureas, (R,N),C=S, owing to the well-established
ability of amino groups to stabilize diaminocarbenes®! and
because the C=S bond (137 kcalmol ') is the weakest type of
C=Xbond (X=C, N, O, S). We were further motivated by the
fact that no terminal aluminum sulfide compound has been
reported previously;*" however, the first terminal aluminum
telluride was reported recently by Inoue et al.P!!

To our delight, addition of the cyclic thiourea 2 at —30°C
to a solution of 1in [Dg]toluene resulted in clean formation of
the carbene-stabilized sulfide 3 (Scheme 1), which was sub-
sequently characterized by multinuclear NMR spectroscopy
at low temperature. In particular, the 'H NMR spectrum of 3
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Scheme 1. Reaction of thioureas 2 and 4 with 1 to give aluminum
sulfides 3 and 5.

is consistent with the expected C,; symmetry in solution: Two
septets at 3.87 and 2.80 ppm for the isopropyl methine protons
are coupled to four doublets at 1.85, 1.29, 1.22, and 1.07 ppm
for the isopropyl methyl protons. The resulting carbene ligand
has restricted rotation about the AI-C bond because of the N-
aromatic groups on the NacNac ligand. Two singlets are
therefore observed at 4.11 and 3.08 ppm for the N-methyl
protons, whereas the methylene units in the backbone appear
as broad multiplets at 3.52 and 3.08 ppm (overlapped with the
N-methyl singlet). In the “CNMR spectrum, the central
carbon atom of the NHC is found at 186.1 ppm. While
complex 3 remains soluble in toluene at low temperatures,
warming of the solution above 0°C results in the precipitation
of 3 as a bright-yellow solid. Upon precipitation, 3 became
insoluble in common organic solvents; however, its constitu-
tion was unchanged, as confirmed by elemental analysis of the
isolated solid and subsequent reactivity studies (see below).
Despite numerous attempts, we were unable to obtain crystals
of 3 suitable for X-ray crystallographic analysis.

Changing the reagent to the unsaturated cyclic thiourea 4
resulted in a related, but more crystalline complex 5
(Scheme 1), which was cleanly generated in solution at 0°C
and isolated by crystallization from toluene at —30°C. Akin to
complex 3, crystals of 5 are insoluble in most common organic
solvents. However, complex § is sparingly soluble in bromo-
benzene, and NMR spectra were recorded in
[Ds]bromobenzene. The '"H NMR spectrum of 5 shows two
septets at 3.76 and 2.38 ppm coupled to four doublets at 1.54,
1.00, 0.86, and 0.44 ppm arising from the isopropyl groups on
the aromatic rings, a pattern consistent with C,; symmetry in
solution. Analogous to the carbene ligand in 3, the unsatu-
rated NHC in 5 also has restricted rotation about the AI-C
bond, thus giving rise to two septets at 8.39 and 4.81 ppm
coupled to two doublets at 1.09 and 0.75 ppm. Interestingly,
the two methine proton signals appear at significantly differ-
ent chemical shifts, the disparity probably due to the differ-
ence in proximity between the two hydrogen atoms relative to
the terminal sulfide ligand. The C—H hydrogen atoms in the
backbone of the imidazole framework give rise to two singlets
at 6.57 and 6.42 ppm. Owing to the poor solubility of § in
bromobenzene, the expected signal for the central carbon
atom in the NHC ligand was not observed.

The molecular structure of § was determined by X-ray
diffraction analysis (Figure 1, top). The aluminum atom lies in
a four-coordinate environment formed by the bidentate
NacNac ligand, NHC, and a terminal sulfido ligand. The
AI=S bond length of 2.104(1) A is significantly shorter than
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Figure 1. Top: Molecular structure of 5 (thermal ellipsoids are shown
at 30%; hydrogen atoms are omitted for clarity). Selected bond
lengths [A] and angles [°]: Al(1)=S(1) 2.104(1), Al(1)-C(50) 2.109(2),
Al(1)-N(1) 1.952(2), Al(1)-N(2) 1.927(1); S(1)-Al(1)-C(50) 114.0(5),
N(1)-Al(1)-N(2) 94.9(6). Bottom: Related, structurally characterized
aluminum and silicon complexes 6 and 7.

the lowest value for a Al-S single bond (ranging from 2.150-
2.739 A, with the average being 2.289 A for 118 structures
from the CCDC), consistent with the multiple-bond charac-
ter. The closest relative of compound 5 is the deprotonated
alumothiol [NacNacAl(S)X]™ reported by Roesky et al.??
Four derivatives of this anion differing in the identity of the
countercation and the nature of the X group (X=SH or
OP(OEt),) have been structurally characterized, with the Al-
S distances falling in the range of 2.115-2.124 A. Another
closely related compound, also reported by the Roesky group,
is the NHC-stabilized aluminum hydride complex 6 with
a deprotonated NacNac ligand.¥ Analogous to other com-
plexes of the type [NacNacAIX(Y)], the aluminum atom in 5
deviates from the plane defined by the NacNac ligand by
0.458 A and from the N,S plane by 0.663 A, such that the
geometry around the aluminum atom can be described as
a distorted tetrahedron. A similar coordination mode was
observed by Driess and co-workers for the NHC-stabilized
silanone compound 7 featuring a Si=O double bond.**! The
Al-C bond length of 2.107(2) A in 5 is longer than the
average Al-C distance in four-coordinate NHC complexes of
aluminum (2.065 A, average for 25 structures from the
CCDC). However, this parameter falls within a wide range
of lengths (2.008-2.162 A) with only four structures contain-
ing longer Al-C distances (ranging from 2.118(2)P! to
2.162(2) AP%). The AI-N distances of 1.927(1) and 1.952(2) A
are slightly elongated as compared to the average Al-N
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distance (1.912 A) in other four-coordinate NacNac-ligated
aluminum complexes reported by us previously.!***"]

To elucidate the bonding situation in compound 5, we
performed density-functional calculations. According to the
calculations, the reaction [L,Al] + NHC=S —[L,AI=S(NHC)]
is exothermic, with a calculated AE, value of —61.4 kcalmol
and AG®g value of —41.1 kcalmol . The carbene dissocia-
tion energy corresponding to the process [L,AI=S(NHC)]—
[L,Al=S] + NHC is relatively low (AE,=47.7 kcalmol " and
AG®,55=28.1 kcalmol™"). The optimized metal-ligand bond
lengths are given in Table 1. Very good agreement between

Table 1: Experimental and calculated aluminum-ligand distances [A].

5 [LAI(S)] 168

AI-CNHC (exptl) 2.107(2) - -
AI-CNHC (calcd) 2.094 - -

AI-N" (exptl) 1.953(1) - 1.957(2)
AI-N" (calcd) 1.962 1.879 2.004
AI-N? (exptl) 1.927(1) - 1.957(2)
Al-N? (calcd) 1.941 1.879 2.004
Al-S (exptl) 2.104(6) - -

Al-S (calcd) 2.1 2.034 -

the calculated and experimental distances for § was observed,
with a maximum deviation of 0.014 A for one of the AI-N
bonds. The optimized structure of the monomeric sulfide
[L,AI=S] exhibits a typical trigonal-planar geometry around
the aluminum center. Coordination of the NHC to this species
to give 5 results in elongation of all metal-ligand bonds,
probably owing to increased steric congestion. Interestingly,
the parent Al' complex 1 also exhibits substantially longer
AI-N bonds than [L,Al=S], presumably a reflection of the
larger size of the Al' ion.

The bonding situation in complex 5 was examined by
means of Mayer bond orders®®! and Wiberg bond indices*!
(in the natural atomic basis;*!! Table 2). The Mayer bond
orders are clearly indicative of multiple-bond character in the
Al=S bond in compounds 5 and [L,Al=S]. In the trigonal-
planar complex [L,AI=S], the Al=S bond order is the largest,
which correlates well with the shortest calculated Al=S bond
length. Only a minor decrease in the Mayer bond order was
observed on going from [L,Al=S] to 5, which suggests that the
transfer of electron density from the carbene to aluminum is

Table 2: Mayer bond orders and Wiberg bond indices for complexes 5,
[LAI=S], and 1.

5 [LAI(S)] 1
Mayer bond orders
Al-CNHC 0.48 - -
AN 0.45 0.64 0.51
AlI-N" 0.46 0.64 0.51
Al-S 1.49 1.75 -
Wiberg bond indices
AlI-N" 0.24 0.30 0.15
Al-N" 0.25 0.30 0.15
Al-S 1.20 1.50 -
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rather minor. Further corroborating this hypothesis is the
observation that the corresponding molecular orbital in 5 has
primarily carbon lone-pair character, with only a minor
contribution of aluminum, thus leading to the conclusion that
the Al-C interaction is mainly electrostatic in nature. The two
highest occupied molecular orbitals of 5 are nearly degener-
ate at an orbital energy of approximately —4.5 eV (Figure 2).
These orbitals mostly correspond to the sulfur lone pairs, but
the HOMO also has a significant contribution from an
aluminum p, orbital, thus providing further evidence of the
multiple-bond character in the Al-S bond. The lower-lying
HOMO-2 with an orbital energy of about —5.9 eV is the Al-S
o-bonding orbital. The Wiberg bond indices follow the same
trend as the Mayer bond orders, but have lower absolute
values.

HOMO HOMO-1

Figure 2. Two highest occupied molecular orbitals of [L,A=S(NHC)].
Hydrogen atoms are omitted for clarity.

The multiple-bond character in sulfides [L,Al=S] and 5§
was further elaborated by splitting the Mayer bond orders
into the 0 and  components by using the method outlined by
Bridgeman et al.*”! The calculated o and mt components of the
Mayer bond order in both compounds are quite comparable,
for example, 0.89 and 0.86 for [L,Al=S], respectively.
Coordination of the carbene to give 5 does not strongly
alter the o-bond order (0.81) and results in a moderate
decrease in the m-bond-order component to 0.68. Therefore,
on the basis of the combination of X-ray crystallographic and
DFT data, we believe that the canonical form A is a better
representation of the bonding situation in compound 5 than
the zwitterionic form B (Scheme 2).

Wishing to extend this oxidative-cleavage reactivity to
other multiple bonds, we treated compound 1 with triphenyl-
phosphine sulfide (P=S bond energy: 80 kcalmol ™). Mixing
of reagents in a 1:1 ratio did not afford the expected product,
[NacNacAl=S(PPh;)], but resulted in a mixture of the
terminal sulfide NacNacAI=S(S=PPh;) (8), unreacted 1, and
free triphenylphosphine. The difference in the outcome of the
reaction is probably due to the large steric profile of
triphenylphosphine, making it incompatible with the bulky
2,6-diisopropylphenyl substituents of the NacNac ligand.
Complex 8 could be cleanly generated in solution by treating
1 with two equivalents of Ph;P=S (Scheme 3). The '"H NMR
spectrum acquired at —60°C is in accord with the expected C
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Scheme 3. Generation of 8 at low temperature from the reaction
between 1 and triphenylphosphine sulfide, followed by decomposition
at higher temperatures.

symmetry in solution. Two broad singlets were observed at
3.51 and 3.14 ppm, assigned to the isopropyl methine protons,
which are coupled to three broad singlets (two signals
overlap) at 1.67, 1.11, and 0.70 ppm from the isopropyl
methyl protons. Interestingly, upon warming to —30°C, the
signals in the 'H NMR spectrum merged to a more symmetric
C,, averaged pattern for the NacNac ligand, thus suggesting
a fast exchange process. Variable-temperature NMR studies
in the temperature range of —80 to —30°C revealed a A*G®
value of 10.2 kcalmol™' as the barrier for this exchange
process, probably due to the phosphine sulfide coordinating
from either the top or bottom face of [NacNacAl=S], at
a coalescence temperature of —50°C. Even at —80°C, no
signal in the *P NMR spectrum was observed for the
coordinated phosphine sulfide. In contrast to compounds 3
and 5, warming of solutions of 8 above —30°C resulted in the
precipitation of a white crystalline material, the identity of
which was determined, by X-ray diffraction analysis to be the
known sulfide-bridged dimer [{NacNacAl(u-S)},] reported
previously by Roesky and co-workers.[*!

To underpin the multiple-bond character in 3, we tested its
activity towards cycloaddition with phenyl isothiocyanate.
Thus, the reaction of 3 with two equivalents of PhN=C=S
yielded the cycloaddition product [NacNacAl(S,CNPh)] (9),
with the concomitant production of zwitterion 10 resulting
from the reaction of the liberated carbene with phenyl
isothiocyanate (Scheme 4). Similar coupling between car-
benes and phenyl isothiocyanate has been reported previ-
ously by Cheng and co-workers.!
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Scheme 4. Cycloaddition of phenyl isothiocyanate with 3 to give 9 and
10.

Compounds 9 and 10 were fully characterized by multi-
nuclear NMR spectroscopy and X-ray diffraction analysis.
The 'H NMR spectrum of 9 is consistent with C, symmetry in
solution, as evidenced by the pattern of signals observed for
the isopropyl moieties, with two multiplets at 2.94 and
2.87 ppm coupled to four doublets at 1.19, 1.02, 0.92, and
0.75 ppm. For 10, the '"H NMR spectrum revealed a simple
pattern of signals with two singlets at 3.85 and 3.20 ppm
correlated to the methylene protons in the imidazolidine ring
and N-methyl protons, respectively, whereas signals for the
hydrogen atoms on the phenyl ring are found between 7.40
and 7.00 ppm. In the "C NMR spectrum, signals for the
thioamide and central imidazolidine carbon atom are found
downfield at 167.6 and 164.4 ppm.

The structure of 9 revealed a four-coordinate aluminum
center in a distorted tetrahedral geometry (Figure 3). The Al—
S bond lengths are essentially equidistant at 2.226(1) and
2.227(1) A and fall within the wide range of Al-S single-bond
lengths discussed above. The aluminum atom sits much closer
to the N,C; plane, deviating by only 0.228 A as a result of the
reduced steric bulk around the aluminum center in 9. The
AIS,C fragment adopts a planar, kite-shaped configuration
with the sum of the angles equal to 359.9°. The plane defined
by the AIS,C fragment was found to be nearly perpendicular

Figure 3. Molecular structure of 9 (thermal ellipsoids are shown at
30%,; hydrogen atoms are omitted for clarity). Selected bond lengths
[A] and angles [°]: Al(1)-S(1) 2.226(7), Al(1)-5(2) 2.227(1), Al(1)-N(1)
1.859(3), Al(1)=N(2) 1.859(3); N(1)-Al(1)-N(2) 99.5(1), S(1)-Al(1)-5(2)
82.9(4), S(1)-C(30)-5(2) 112.2(2), Al(1)-S(1)-C(30) 82.6(1), Al(1)-S(2)-
C(30) 82.1(1).
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to the plane defined by the NacNac ligand, with an angle of
87.4° between them. In accord with the zwitterionic nature of
the compound, the structure of 10 (see Figure SI17) revealed
a C-S distance of 1.693(2) A, which is intermediary between
the average length for a carbon-sulfur single bond, 1.76 A,
and the average length for a C=S bond of 1.62 A. Similarly,
the C-N distances of 1.313(2) and 1.313(3) in the imidazoli-
dine ring are essentially identical and intermediate between
the average lengths for a single and double carbon-nitrogen
bond, whereas the C-N"™™' bond length of 1.282(2) A is
closer to a double bond. The same cycloaddition product was
also observed upon the reaction of aluminum sulfides 5 and 8
with phenyl isothiocyanate.

In conclusion, facile C=S and P=S bond cleavage was
observed upon the reaction of cyclic thioureas or triphenyl-
phosphine sulfide with 1 to give the first examples of neutral
aluminum sulfides with terminal AI=S bond. The new
products were characterized by multinuclear NMR spectros-
copy and an X-ray crystal structure in the case of 5. DFT
calculations were performed, and the results support the
existence of multiple-bond character in 5. The reactivity of
the AI=S bond was demonstrated by the facile cycloaddition
of phenyl isothiocyanate to give a novel aluminum hetero-
cycle. Future studies will focus on expanding the oxidative
chemistry to ureas and guanidines to access novel aluminum
oxo and imido species.
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