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ABSTRACT: New and well-characterized Ag—bis(1,2,3-tri-

azolylidene) complexes having enantiopure (S)-sulfoxides O 0 O D
upon sequential treatment with alcohols and Au(I) form Meo- 7 S  meo-  Aul) H  AWCl  ClAu H
separable mixtures of regioisomeric C-unsubstituted Au—1,2,3- N O:t, N ON’ = >6( + >6(
triazolylidene complexes. Mechanistic studies and DFT INILN y NN A-No- N~ R-NN~
calculations support a desulfinylation process for in situ R R
generated free triazolylidene salts.
hile the number of 1,2,3-triazolylidene metal complexes Scheme 1
(M—MIC, MIC = mesoionic carbene) and their use as o 6o "
catalysts and in the building of 3D-metal frameworks increase R PFs  =—siMe, B—l PFg d.base
1 . : : =N= N
every day, the synthesis of C-unsubstituted M—MIC is not N=N=N — = N 5 M ™
obvious. Bertrand reported the preparation of series of C- Roor 2 Qf H [ ] N\)_
unsubstituted triazolium salts 1 using the 1,3-dipolar cyclo- 2
addition between 1,3-diaza-2-azoniallene salts 2 and
R = Dipp (2,6-di Ipheyl), Ms, Ph
(trimethylsilyl)acetylene or vinyl bromide (Scheme 1).2 From M = RIE péh Ir, gsopropyp eyh). Ms

symmetric salts 1 different metal carbene complexes 3 were
prepared. Recently, Albrecht® reported the partial decarbon- Oy_ome \(Q/ >—Q
ylation of 1,2,3-triazoles having a methoxycarbonyl group //?/ [Ru] Ru/o ° H
attached to C-4, 4, upon methylation (MeOTf) and metalation. o )j

The mixture of the chelated Ru—MIC § and the C- Mes™ "N /N%'N“ /N\O,N‘Mes
unsubstituted Ru—MIC 6 was obtained. Subsequent reports”* N
described the similar formation of C-unsusbtituted triazolium

salts by either decarboxylation or acetone removal of triazolium This work
salts during different metalation processes.

EY
o
o

®
During our work directed toward the synthesis of new M— l:U'S;O O:S*R1 ] ClAu H
MICs having either natural product’ or enantiopure (S)- \N/& *8\"‘ _ 1-CHOlp MeOH \80\’,\‘ “ o \80\':\‘/
sulfoxide subtituents® attached to the C-4 of the triazole ring, ,{,\N Ag '\9,\" 2. [AuCI(SMey)] N-N NN
we found the unprecedented desulfinylation reaction of silver R A R R
mesojonic carbene cornplexes 7 leading to C-unsubstituted 7

1,2,3-triazolylidene ligands.” The scarcity of approaches to this
class of ligands prompted us to study the scope and mechanism
of these processes.

Silver—MIC 7aa was prepared in 89% yield by reacting
triazolium salt 8aa with Ag,O in the presence of NMe,Cl in a
mixture of CH;CN/CH,Cl, (1:10). Salt 8aa was obtained by Received: December 21, 2016
CuAAC (copper-catalyzed azide—alkyne cycloaddition) be- Published: January 30, 2017

tween alkynyl sulfoxide 9a and azide 10a followed by
methylation of the resulting triazole 11aa with Me;OBF, at
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room temperature (Scheme 2). Silver carbene 7aa was fully
characterized by NMR and HRMS. Additional Ag—MICs 7ba—

Scheme 2
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Na Ascorbate N Me;OBF,
+ _— . N_,
RN -
RN DMF, rt CH,Cly
. :
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10a, R=Bn 11ba (80%)
10b, R= p-MeOCgH, 11ca (63%)
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0 N— NOY-Ag<ON
R N © N2 N N- N
BF, CHSCN:CH,CI, (1:10), rt v /
R R
8aa (98%) 7aa (89%)
8ba (93%) 7ba (88%)
8ca (85%) 7ca (89%)
8da (quantitative) 7da (88%)
8ea (76%) 7ea (94%)
8ab (quantitative) 7ab (97%)

ea and 7ab were prepared following an analogous approach
from the corresponding azides. Yields were excellent in all cases
ranging from 88 to 97%. Complexes 7ba—ea and 7ab were
stable, and they were fully characterized by spectroscopic and
spectrometric media.

MeOH was added to a solution of the complex in CH,Cl,
during manipulation of the silver carbene 7aa. Surprisingly, in
the "H NMR spectrum of the crude mixture, the symmetry of
the Ag—MIC 7aa was lost as it could clearly be seen by the
presence of three signals for the benzylic methylene group and
another set of three signals corresponding to the methyl group
bonded to N-3.

The simultaneous formation of methyl p-tolylsulfinate was
unambiguously confirmed by isolation, washing the crude
reaction mixture with pentane, and spectroscopic character-
ization. "H NMR analysis of the solid product revealed the
presence of the triazole moiety by the appearance of a set of
three signals for the methylene group in a 1:5:6 proportion.
Moreover, the "*C NMR spectrum of the solid clearly showed
three signals for the carbon center of the NCH; and another
three signals for the NCH, groups. Furthermore, analysis of the
gHMBC experiment unambiguously confirmed the formation
of three different Ag—(MIC), complexes 12a (see the
Supporting Information).

With these results in hand, we can conclude that the
presence of MeOH in the solution of silver—MIC 7aa resulted
in the removal of the sulfinyl functionality as methyl p-
tolylsulfinate. The elimination of the sulfur moiety was
accompanied by a partial rearrangement of the Ag atom,
yielding a mixture of “naked” carbenes 12a (Scheme 3).

Due to the difficulty of separation of the three silver carbenes
12a, transmetalation of this mixture with [AuCl(SMe,)] was
next addressed. Reaction of a solution of silver carbenes 12a in
CH,Cl, with 2.00 equiv of [AuCl(SMe,)] at room temperature
afforded a mixture of the two regioisomeric MIC—AuCl
complexes 13a/14a in a 98% combined yield and in a 5:4
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ratio (Scheme 3). Separation of both complexes was achieved
by chromatography on SiO,. The C-4 regioisomer 13a was the
most apolar, and it was totally characterized by 'H and "*C
NMR and HRMS techniques. On the other hand, the second
regioisomer 14a was also characterized by '"H and *C NMR
and NOE techniques together with HRMS analysis.

Scheme 3“
@ 0O
H H BF,
~N N ClAu
(O )—Ag On NT
;N’N H (i
R R N-N
R
@ C
H H v—l gll:‘ 13
CHCls -~ R [AuCl(SMe3)]
7 — |‘T|O Ag N —_— - +
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MeOH, rt! N-y N-N CHClzt
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12a (67%) 1:5:6
12b (94%) 2
12¢ (85%) 1:5
1
1

13a/14a (59%) 5:4
13b/14b (71%) 3:2
13c/14c (59%) 5:4
13d/14d (74%) 4:3
13ef14e (71%) traces:1

“The formation of sulfinate esters is ommited (see text).

To study the scope of the reaction, methanolysis of different
silver carbenes 7ba—ea and 7ba was carried out. In all cases, the
new mixture of silver complexes 12b—e was transmetalated
with [AuCl(SMe,)] to form the mixture of regioisomeric Au
complexes 13b—e/14b—e (Scheme 3).® The C-unsubstituted
silver carbenes 12a—e were formed in good yields. The
desulfinylation reaction was compatible with electron-donor
groups (7ba), electron-withdrawing groups (7ea), as well as
naphthyl moieties (7ca) attached to the aromatic ring of the
former azide. In addition, the presence of the more sterically
demanding 2-MeO-naphtyl substituent at the sulfur atom (7ab)
requires higher temperatures (S0 °C) and longer reaction time
(2 h) for the desulfinylation to take place. In all cases, the ratio
of Ag complexes 12 did not match the ratio of Au—carbene
complexes 13/14. This suggests a dynamic equilibrium in
solution between complexes 12 that translates to a variable C4/
CS (13/14) gold carbene ratio. Finally, the nature of
regioisomeric compounds 13/14 was confirmed by X-ray
diffraction studies carried out in crystals grown from complexes
13d and 14d (Figure 1).

With these results in hand, different experiments were carried
out to disentangle the reaction pathway. Silver carbene 15
(Scheme 4) having a sulfone attached to C-4 was prepared
from the triazole 16 following the methodology used in this
work in 94% yield.9 In this case, the Ag—MIC 15 also showed a
bis(carbene) structure as could be confirmed by HRMS
analysis, with a main fragment at m/z = 763.1136 that
corresponds to the cationic part of the complex 15. Reaction of
silver carbene 15 with MeOH in CH,Cl, at room temperature
or in boiling CH,Cl, did not produce (TLC) any trans-
formation. Therefore, it was clear that the presence of an
additional oxygen atom prevented the loss of the sulfur
fragment.

The role of the alcohol was next addressed. A solution of
Ag—MIC 7aa in CDCI, stayed unaltered for 1 week in solution
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Figure 1. ORTEP representation of gold carbene 13d. Selected bond
lengths (A) and angles (deg): Aul—Cll 22792(13), Aul—Cl
1.962(5), C1-N1 1.375(6), N1-N2 1.332(5), N2—N3 1.317(5),
N3-C2 1.353(6), C2—Cl1 1.369(7), Cl—Aul—Cl1 178.586(4).
ORTEP representation of gold carbene 14d. Selected bond lengths
(A) and angles (deg): Aul—Cl1 2.2934(4), Aul—C1 1.9816(13), C1—
N1 1.3720(16), N1-N2 1.3376(15), N2—N3 1.3121(15), N3—C2
1.3508(18), C2—C1 1.3863(17), C1—Aul—Cl1 177.402.

(NMR). This confirmed the stability of the S(O)—C4 bond in
the Ag—MIC 7aa in solution in the absence of MeOH.
Different alcohols were next tested. Desulfinylation reaction
proceeded at room temperature when EtOH and PrOH were
added over a solution of 7aa in CH,Cl,. In the case of EtOH,
the corresponding sulfinate was generated instantaneously,
while the reaction of 7aa with PrOH required longer times.
The 'H NMR spectrum of the crude mixture showed the
formation of ethyl and isopropyl sulfinates. Reaction of 7aa
with ‘BuOH at room temperature or by heating at 50 °C for 1 h
resulted in the recovery of unaltered starting material.

On the other hand, to determine whether the desulfinylation
reaction occurs in the complexed Ag—MIC or in a free
decoordinated triazolylidene ligand, triazolium salt 17 was
reacted in CH,Cl,/MeOH and filtered through a NaHCO,
pad. C-Unsubstituted triazolium salt 18 was now detected upon
inspection of the '"H NMR of the crude reaction mixture and
isolated in quantitative yield (Scheme 4).

Scheme 4
® 0
Tol _0 O JTol —| BF,
OzS’ \S\\O
°N
N/ N
o NN - ,#Agzéﬂ\l MeOH No
TN~ "N N-N A reaction
B~ VN Bn B
16 15
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f< ® © NaHCO, =N
N N— BFg NN
Bn” "N MeOH.CH,Cl,  Bn
17 18 (quantitative)

Deuteration experiments were next carried out. Thus,
complex 7ba was dissolved in CDCl; and drops of CD;0D
were added to the solution. A 'H NMR spectrum showed that
the desulfinylation process occurred since three sets of signals
for the methyl group appeared. Comparison of the values of the
integrals of the new H substituents of the triazole core of
complexes 12b to the spectrum registered when reaction was
performed in nondeuterated solvents showed clearly that
deuteration has occurred in H4 and HS of complexes 12b.
Therefore, we could affirm that the heterocycle is protonated
by MeOH, and these experiments confirm a primary
protonation upon decoordination and a second protonation
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event upon desulfinylation. These protonations accounts for
the observed fully (C4 and CS) deuterated Ag-MICs.

Finally, the existence of an equilibrium between the Ag—MIC
7, the free carbene species, and the corresponding Ag—
monocarbenes is demonstrated by the formation of Ag—
monocarbene upon crystallization of a solution containing 7aa.
The X-ray structure (see the Supporting Information) of this
compound unambiguously confirms the equilibrium between
the free carbene species and the doubly coordinated Ag—MIC.

Density functional theory (MO06) calculations'® were
performed to fully understand the experimental results and
propose a reasonable reaction pathway. Due to the isolation of
Ag—monocarbene species (Figure S1) and the desulfinylation
of 17 (Scheme 4), we consider that the desulfinylation
mechanism of complexes 7 occurs through the free carbene
A (ie, the neutral phenyl analogue of 17). MeOH was
modeled as one MeOH solvated by another two explicit MeOH
molecules.'" All values correspond to Gibbs energies in
dichloromethane (kcal mol™).

The proposed reaction mechanism is shown in Scheme 5 and
entails three main steps: (i) protonation of the free carbene, (ii)

Scheme $
(i) Protonation (i) Desulfinylation (i) Isomerization
20.0
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14.3
15.0 » PhS{0)OMe
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o 5.0 (MeQH), 4.5
& 00
a
-5.0
-10.0
1 Me Me
MeO LE -0
’ » :l.szOH), H B H = e i
L ] s . Me=Q \ Me-0 1. .
OV n—GN— =GN H=ON T T
NoN N-N NN N-N NN NN
Ph ‘Ph i Ph ‘o P
A B c D1 D2 E

desulfinylation via nucleophilic attack, and (iii) carbene
isomerization. First, the free carbene A (zero of energies) is
protonated by methanol via TS-A (4.5 kcal mol™") to form the
triazolium cation B and [MeO~ (MeOH),]. The solvated
methoxide performs a nucleophilic attack on the sulfur center
via TS-B (14.3 kcal mol™"), thus breaking the S—C4 bond.
Release of the sulfinate produces carbene C, which lacks
substituents at the ring carbon atoms. Carbene C can then
isomerize to E via the protonated species D1 and D2 involving
TS-C (4.1 keal mol™!) and TS-D (1.9 kcal mol™)."* Overall,
the largest activation energy is 14.3 kcal mol™" (from A to TS-
B), which corresponds to the nucleophilic attack step.

We now compare the proposed mechanism (Scheme 5) with
the experimental data. The low activation energy agrees with
the mild experimental conditions, and the rate-determining
nucleophilic attack explains the slower reaction rates observed
with bulkier alcohols. In the presence of strong electrophiles
such as [Ag"] and [Au*], the carbenes C and E would readily
form coordination complex analogues of 12 and 13 as shown in
Scheme 3. The exoergic desulfinylation from B to D2 (AAG =
—2.8 keal mol™) is also in line with the related Ag-free process
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from 16 to 17 shown in Scheme 4. Finally, the facile carbene
isomerization through proton transfer steps is fully compatible
with the deuteration data.

To conclude, the synthesis and characterization of new Ag—
bis(1,2,3-triazolylidene) complexes having enantiopure (S)-
sulfoxide substituents in C-4 have been developed. These
complexes experience an unprecedented desulfinylation process
mediated by primary and secondary (but not tertiary) alcohols
to afford, upon transmetalation to Au(I), separable mixtures of
the regiosiomeric C-unsubstituted Au—1,2,3-triazolylidene
complexes. Deuteration and computational studies support a
substitution mechanism in the free triazolylidene salt generated
in situ by dissociation of the mesoionic ligand. Studies directed
toward the control the regioselectivity of the reaction as well as
to prepare other “naked” M—MICs are underway in these
laboratories.
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