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ABSTRACT: New RhI-IPr {IPr = 1,3-bis-(2,6-diisopropylphenyl)imidazolin-2-carbene} complexes bearing a N,O-pyridine-2-meth-
anolato (N-O) bidentate ligand have been prepared. The carbonyl complex Rh(N-O)(IPr)(CO) efficiently catalyzes the hydrothiola-
tion of a range of alkynes with high selectivity to α-vinyl sulfides. Reactivity studies and DFT calculations have revealed a new non-
oxidative catalytic pathway, passing through RhI catalytic intermediates, which is driven by the interplay between the pyridine-2-
methanolato and carbonyl ligands. The basic alkoxo ligand promotes the deprotonation of the thiol to generate the RhI active species, 
whereas the π-acceptor character of carbonyl ligand hinders the oxidative addition process. In addition, the stereochemistry of the 
key thiolate-π-alkyne intermediate, which is determined by the electronic preference of the carbonyl ligand to coordiante cis to IPr, 
facilitates the rate-limiting alkyne thiometallation step. 

INTRODUCTION 

Vinyl sulfides constitute an interesting group of organic mol-
ecules with valuable biological applications1 and remarkable 
versatility as synthetic intermediates.2 Although several ap-
proaches have been described,3 one of the more straightforward 
and atom economic preparative methods consists in the addition 
of a S-H bond of a thiol across a C-C triple bond, known as 
alkyne hydrothiolation.4 While this process can be initiated by 
radical,5 and basic6 or acid7 promoters, transition metal catalysis 
represents a more flexible approach to control the regioselectiv-
ity.8 Particularly, rhodium catalysts behave as chameleonic spe-
cies, since subtle tuning of the ancillary ligands strongly influ-
ences the catalytic outcome.9 It becomes evident that, in order 
to obtain the desired product, the in-depth understanding of the 
mode of action of the catalyst is essential. In this context, the 
more common mechanism for rhodium-based catalysts starts 
with the oxidation of the RhI metal precursor to RhIII by addition 
of the S-H bond of the thiol (Scheme 1). Subsequent 1,2 or 2,1 
alkyne insertion into Rh-H or Rh-S bonds generates four path-
ways which, followed by reductive elimination, affords α- or β-
E-vinyl sulfides. As a viable alternative, the non-oxidative route 
consists on the deprotonation of the thiol by an internal base 
present in the catalytic precursor to generate a Rh-thiolate spe-
cies. Then, alkyne insertion and protonolysis by an external 
thiol or a protonated hemilabile ligand affords preferentially the 
branched vinyl sulfides and regenerates RhI-SR active spe-
cies.9m Vinylidene intermediates or external attack of thiol to a 
coordinated alkyne are less prevalent in rhodium systems. The 

complexity of the process entails a rational design of the cata-
lytic precursors to channel the reactive intermediates through 
the desired reaction pathway. 

Scheme 1. Rhodium-Based Alkyne Hydrothiolation 
Mechanisms. 

 

 



 

Our group has recently disclosed that rhodium(I)-N-heterocy-
clic carbene (NHC) catalysts efficiently perform alkyne hy-
drothiolation under mild conditions (Scheme 2).9f Addition of 
pyridine remarkably increased the selectivity towards the more 
valuable Markovnikov-type adducts.2b A complex interplay be-
tween carbene, pyridine and hydride ligands within the active 
species accounts for 1,2-insertion of the alkyne into a Rh-S bond 
as rate-limiting and selectivity determining step. In the quest for 
an improvement of Markonikov-selectivity, we hypothesized 
that introduction of an internal base in the catalyst precursor 
should prevent the formation of hydride species, thereby sup-
pressing the hydrometallation pathways.9h However, the result-
ing thiolate-RhI intermediates are inactive and undergo a subse-
quent thiol addition to generate hydride-bisthiolate-RhIII species 
that show similar selectivity than its chloride counterparts. As an 
alternative approach, we envisaged the shift of the dinuclear–
mononuclear equilibrium by the anchorage of the pyridine moi-
ety through a bidentate quinolinolate ligand.9l Interestingly, the 
reaction proceeds through a hydrometallation mechanism with 
the reductive elimination as the rate-limiting step. In addition, 
the selectivity was increased up to 97% after addition of pyri-
dine. It has been determined that stabilization gained by pyridine 
coordination into linear rhodium-alkenyl intermediates increase 
the reductive elimination energy barrier, which is not operative 
for the branched alkenyl isomer, thus resulting in high Markov-
nikov selectivity. 

Despite the success attained in the design of Rh-NHC based 
hydrothiolation catalysts, further improvements are still desira-
ble. We now revisit our idea that RhI-thiolate species could be 
potential Markonikov-selective alkyne hydrothiolation cata-
lysts.9h In view of the experience gained in catalyst design, the 
new catalysts must fulfill several requirements: i) a bulky and 
powerful electron-donor NHC ligand provides stability to active 
species as well as control over the coordination position of the 
labile ligands and substrates, and hence over selectivity out-
come;10 ii) the catalyst precursor must contain an internal base to 
deprotonate the thiol and generate a thiolate ligand without 
change in the oxidation state of the metal; iii) the presence of a 
chelate ligand should control the potential equilibrium between 
mononuclear–dinuclear species. Indeed, we have observed that a 
pyridine moiety provides stability and flexibility to the catalytic 
system; and iv) the introduction of a π-acceptor ligand would dis-
favor the oxidative addition to RhI-thiolate intermediates. With 
these prerequisites established, we envisage the potential of the 
pyridine-2-methanolato ligand due to the presence of the basic 
alkoxo group and the pyridine moiety that enable a chelate coor-
dination.11 In addition, a carbonyl ligand may play the role of a 
π-acceptor ligand. 

Herein, we report on the synthesis of Rh-NHC-CO complexes 
bearing a chelate pyridine-2-methanolato ligand as efficient cat-
alysts for Markovnikov-selective alkyne hydrothiolation. Stoi-
chiometric studies supported by DFT calculations suggest a non-
oxidative mechanism pathway thus confirming our previous ex-
pectations. 

 

 

 

 

 

Scheme 2. The Quest for Improved Markonikov-Selective 
Rh-NHC Based Catalysts. 

 

RESULTS AND DISCUSSION 

Synthesis of Catalysts. We have previously observed that the 
dinuclear derivative [Rh(μ-OH)(IPr)(2-coe)]2 (1) IPr = 1,3-bis-
(2,6-diisopropylphenyl)imidazolin-2-carbene; coe = cy-
clooctene is a suitable precursor for the preparation of alkoxo 
complexes by deprotonation of the corresponding alcohol by the 
basic hydroxo ligand. Thus, reaction of 1 with 2-hy-
droxymethylpyridine at 40 ºC for 2 h resulted in the formation of 
Rh{2-O,N-[2-(OCH2)py]}(IPr)(2-coe) (2), which was isolated 
as yellow solid in 70% yield. Alternatively, the olefin-alkoxo de-
rivative 2 can be prepared in 74% yield from the chloride-bridge 
dinuclear complex [Rh(μ-Cl)(IPr)(2-coe)]2 (3), precursor of 1, 
by treatment with the potassium salt of pyridine-2-methanolate. 
In contrast to the similar 8-quinolinolate-coe complex Rh{2-
O,N-(C9H6NO)}(2-coe)(IPr),9l only one structural isomer hav-
ing the pyridine moiety trans to IPr was observed for the pyri-
dine-2-methanolato compound, as inferred from selective 1D-
NOESY 1H NMR experiments and DFT calculations (see SI). 
Complex 2 is highly air-sensitive. In fact, the dioxygen adduct 
Rh{2-O,N-[2-(OCH2)py]}(IPr)(O2) (4) was obtained as a violet 
solid in 85% after bubbling air through a solution of 2. Interest-
ingly, the carbonyl complex Rh{2-O,N-[2-
(OCH2)py]}(IPr)(CO) (5) was prepared by treatment of 1 with 
two equiv of 2-hydroxymethylpyridine for 4 h at 80 ºC and iso-
lated in 76% yield. Likely, the carbonyl ligand of 5 arise from 
decarbonilation of the alkoxypyridine via a rhodium-hydride-
piconylaldehyde intermediate that release pyridine and molecu-
lar hydrogen (see SI for the proposed mechanism).12 In fact, pyr-
idine was detected by GC-MS in the mother liquor, which sup-
ports the proposed mechanism. As it could be expected, bubbling 
of carbon monoxide through a solution of 2 or 4 also affords 5. 



 

Scheme 3. Formation of Alkoxopyridine-Rhodium Com-
plexes. 

 

Complex 2 presents a fluxional behavior in the 1H NMR spec-
trum at room temperature due to rotation of IPr, which is re-
solved at -40 ºC. The spectrum displays the typical set of reso-
nances for a substituted pyridine ring. The H6 proton adjacent to 
the nitrogen atom appears at δ 8.36 ppm as a small doublet (5.5 
Hz), whereas the resonances corresponding to the remaining pyr-
idinic protons appeared between 6.60 and 6.07 ppm. The meth-
ylene group shows a singlet at 5.67 ppm. Coordination of coe is 
confirmed by the presence of a resonance at 2.68 ppm. The more 
representative signals in the 13C{1H}-APT NMR spectrum of 2 
are two doublets at δ 185.9 (JC-Rh = 61.2 Hz) and 51.2 ppm (JC-

Rh = 12.9 Hz), corresponding to the carbene and the coordinated 
olefin, respectively. Complex 4 also displays rotation of IPr lig-
and but faster than 2, as previously presented for similar com-
plexes RhCl(IPr)(py)L.13h Carbene carbon atom resonates in the 
13C{1H}-APT NMR spectrum at δ 179.7 as doublet with JC-Rh = 
58.4 Hz. 

Regarding 5, the 1H NMR spectrum displays the typical signals 
for IPr and pyridine-2-methanolato ligands. The presence of a 
CO ligand in 5 is corroborated by a doublet at δ 193.0 ppm (JC-

Rh = 70.3 Hz) in the 13C{1H}-APT NMR spectrum, whereas the 
carbene carbon atom of IPr appears at 186.1 ppm as a doublet 
with a JC-Rh of 57.3 Hz. The 1H-15N HMBC spectrum is indicative 
of coordination of nitrogen atom since a cross peak appears at 
257.3 ppm, significantly more shielded than the signal corre-
sponding to free 2-hydroxymethylpyridine at 301.2 ppm. In ad-
dition, the IR spectrum shows a strong carbonyl stretching ab-
sorption band at 1909 cm–1. This low frequency value is indica-
tive of the high electron richness of the RhI center that bears IPr, 
pyridine and alkoxo as strong electron-releasing ligands. 

The structures of 4 and 5, in the solid state, have been deter-
mined by two single crystal X-ray diffraction analyses (Figure 
1). Single crystals were grown by slow diffusion of n-hexane into 
toluene (4) or C6D6 (5) solutions of the complexes. Both com-
pounds exhibit a crystallographically imposed planar symmetry 
making independent just half of the molecule; the symmetry 
plane contains the rhodium, the whole pyridine-2-methanolato 
ligand and, in 5, the carbonyl group. In 4, a minor static disorder 
in the metal coordination sphere was identified, implying a posi-
tional exchange of the methoxo and dioxygen moieties (see ex-
perimental part). 

 

Figure 1. X-ray structures of 4 and 5. Selected bond lengths 
(Å) and angles (°). For complex 4, only the most abundant dis-
ordered complex {0.874(3) occupancy} is represented and geo-
metrical data refer only to this specimen. 4: Rh-C(1) 1.977(5), 
Rh-N(2) 2.078(4), Rh-O(1) 1.922(4), Rh-O(2) 1.973(3), O(2)-
O(2)’ 1.375(7); C(1)-Rh-N(2) 174.1(2), C(1)-Rh-O(1) 
91.53(19), C(1)-Rh-O(2) 92.17(16), N(2)-Rh-O(1) 82.57(18), 
N(2)-Rh-O(2) 93.36(14), O(1)-Rh-O(2) 159.25(10). 5: Rh-C(8) 
1.996(5), Rh-N(1) 2.089(4), Rh-O(1) 2.017(4), Rh-C(7) 
1.826(6); C(8)-Rh-N(1) 170.84(18), C(8)-Rh-O(1) 89.95(18),  
C(8)-Rh-C(7) = 92.0(2), N(1)-Rh-O(1) = 80.89(16), N(1)-Rh-
C(7) = 97.1(2), O(1)-Rh-C(7) = 178.03(19). 

Both complexes present a slightly distorted square-planar en-
vironment around the rhodium atom. The distortions fundamen-
tally arise from the chelate coordination of the N,O-bidentate lig-
and {82.57(18)º in 4 vs. 80.89(16)º in 5}. A trans relative situa-
tion of the pyridinic nitrogen atom to the IPr ligand has been also 
observed {174.1(2)° (4) vs. 170.84(18)º (5)}. The rhodium-car-
bene separations {1.977(5) (4) and 1.996(5) Å (5)} lay in the 
typical range for a Rh-IPr single bond.13 The O-O separation of 
the coordinated molecular oxygen fits well with the description 
of a {1O2} ligand {O(2)-O(2)’ 1.383.5 Å}.13h The higher trans 
influence of carbonyl group compared to that of the η2-O2 diox-
ygen ligand is reflected in the longer Rh-O bond distance ob-
served in 5, 2.017(4) Å, if compared to that significantly shorter 
determined in 4, 1.922(4) Å. Similarly to previous described RhI-
NHC complexes, the wingtips of the carbene adopt an out-of-
plane disposition from the square-planar metal environment. 

Catalytic Activity in Alkyne Hydrothiolation. The catalytic 
activity of pyridine-2-methanolato complexes for alkyne hy-
drothiolation was evaluated. The addition of thiophenol to phe-
nylacetylene in 1:1 ratio was chosen as benchmark reaction. Cat-
alytic reactions were monitored in NMR tubes containing 0.5 mL 
of C6D6 and 2 mol% of catalyst loading. Catalytic results are 
compiled in Table 1. The catalytic activity of complex 2 in al-
kyne hydrothiolation is similar to related Rh-quinolinolate-coe 
catalysts.9l Formation of α-vinyl sulfide is favoured but the se-
lectivity is not very high (entry 1). The η2-O2 derivative 4 is also 
active, reaching 92 % conversion after 26 h at r.t. with 73% se-
lectivity to Markonikov-type product (entry 2). The catalytic ac-
tivity in alkyne hydrothiolation of a rhodium-η2-O2 complex has 
been previously reported.9j Gratifyingly, complex 5 is much 
more efficient. Selectivity towards α-vinyl sulfide reaches 97 % 
at room temperature, with a 80 % conversion after 15 h (entry 3). 
In this case, addition of pyridine is not essential for the control 
of the selectivity, although an increase of the Markovnikov prod-
uct up to 99 % was observed, albeit with a reduction of the ac-
tivity (entry 4). In order to disclose the effect of the carbonyl 
ligand over catalytic activity,9g,m the performances of the known 
complexes RhCl(IPr)(CO)(py)13h (6) and RhCl(IPr)(CO)2

13d (7) 
was studied. Catalyst 6, containing CO and pyridine ligands, 
shows activity but is less active and selective than 5 (entry 5). In 



 

contrast, complex 7 is not effective as alkyne hydrothiolation cat-
alyst since only poly(phenylacetylene) was recovered (entry 6).  

Table 1. Phenylacetyene Hydrothiolation with Thiophe-
nol.a 

Entry Catalyst Additiveb time(h) Conversion %c α/β-E 

1 2   -- 24 83 69/31 

2 4   -- 26 92 73/27 

3 5   -- 15 80 97/3 

4 5 pyridine 12 25 99/1 

5 6   -- 13 30 75/25 

6 7   -- 21 --d -- 

a0.5 mL of C6D6 with 2 mol % of catalyst, [alkyne] = [thiol] = 1.0 M at 25 
ºC. b10 equivalents. cRelative to phenylacetylene. Calculated by NMR inte-
gration. dPoly(phenylacetylene) was formed. 

The scope of catalyst 5 was studied for a set of thiols and al-
kynes. Table 2 shows the results of catalytic alkyne hydrothiola-
tion of phenylacetylene with different thiols. The reactions were 
performed at 50 ºC with 2 mol% catalyst loading. As a general 
trend, high selectivity to α-vinyl sulfides was attained, over 87 
% for all cases. Interestingly, the reaction with 1-butanethiol pro-
ceeded faster, although with slightly lower selectivity than thio-
phenol (entry 2). Other aliphatic thiols such as benzylthiol or a 
doubly protected cysteine, N-tert-butoxycarbonyl (Boc) and 
methylester, reacted more slowly but with excellent regioselec-
tivity up to 96 % in the second example (entries 3 and 4). The 
terminal bis-mercaptane 1,6-hexanedithiol reacts with two mol-
ecules of alkyne to form a bis-vinyl sulfide (entry 5), whereas 2-
thiolpyridine is not efficient as hydrothiolation partner (entry 6). 

Table 2. Phenylacetyene hydrothiolation with Several Thiols 
Catalized by 5.a 

Entry Thiol time(h) Conversion %b α/β-E 

1    8 95 96/4 

2    5 97 87/13 

3  22 64 87/13 

4 
 

22 89 96/4 

5c  24 94 90/10d 

6  24 -- -- 

a0.5 mL of C6D6 with 2 mol % of catalyst, [alkyne] = [thiol] = 1.0 M at 50 
ºC. bRelative to phenylacetylene. Calculated by NMR integration. c1:2 thiol: 
alkyne ratio. dRatio between α/α and β-E/α. 

Table 3 shows the results of the hydrothiolation of a range of 
alkynes with thiophenol. In all cases selectivity to α-vinyl sul-
fides is higher than that previously obtained for related Rh-NHC 
catalysts.9f,h Aliphatic alkynes such as 1-hexyne and propargyl 
methyl ether required 21-24 h for achieving a conversion of 99 
% with excellent selectivity (entries 1 and 2). The enyne 1-
ethynylcyclohex-1-ene reacted preferentially by the triple bond 
reaching a 97 % selectivity (entry 3). In contrast, 2-ethynylpyri-
dine displayed a totally different behaviour, since 70/30 ratio of 
β-Z/β-E vinyl sulfides was observed (entry 4). Coordination of 

the pyridine fragment of the substrate must play an important 
role in this case. Finally, the internal alkyne 3-hexyne gave the 
β-E-vinyl sulfide as a result of a syn addition of the thiol over the 
alkyne. 

Table 3. Thiophenol Addition to Several Alkynes Catalyzed 
by 5.a 

Entry Alkyne time(h) Conversion % α/β-E 

1  24 99 97/3 

2  21 99 97/3 

3 
 

21 88 97/3 

4  22 99 0/70/30c 

5  48 75 0/100 

a0.5 mL of C6D6 with 2 mol % of catalyst, [alkyne] = [thiol] = 1.0 M at 50 
ºC. bRelative to the corresponding alkyne. Calculated by NMR integration. 
cβ-Z vinyl sulfide. 

Mechanistic Studies. With the aim of shedding light into the 
operative mechanism for alkyne hydrothiolation and the role 
played by the pyridine-2-methanolato and carbonyl ligands, sev-
eral stoichiometric reactions were carried out. Complex 5 did not 
react with phenylacetylene after one night at 50º C. However, 
addition of one equivalent of benzylthiol to a toluene-d8 solution 
of 5 in an NMR tube at -30 ºC cleanly afforded the RhI-thiolate 
complex Rh(SCH2Ph){η1-N-[2-(HOCH2)py]}(IPr)(CO) (8) 
(Scheme 4). Formation of 8 results from the protonation of the 
alkoxo ligand of 5 by the thiol and coordination of the resulting 
thiolate. However, alternative mechanisms such as oxidative ad-
dition of thiol to the RhI center to form a rhodium-hydride-thio-
late intermediate and subsequent hydride-alkoxo reductive elim-
ination or a σ-bond metathesis process should not be discarded. 
In this regard, it is worth to note that no hydride resonances could 
be detected. Attempts for isolation of 8 in the solid stated failed.  

Scheme 4. Formation of Rhodium-thiolate Complex 8. 

 

The NMR spectra of 8 are in accordance with the proposed 
structure. A set of three signals at δ 6.17, 5.44, and 4.18 ppm in 
the 1H NMR spectrum at -30 ºC related by 1H-1H COSY cross 
peaks are ascribed to the protons of the hydroxymethyl group 
(Figure 2). The absence of a correlation peak for the signal at 
6.17 ppm in the 13C-1H HSQC experiment, in addition to an in-
teraction between the resonances at 5.44 and 4.18 ppm with the 
same carbon atom at 60.0 ppm, confirms that the more 
deshielded doublet correspond to the -OH proton. Moreover, this 
signal shifts to 6.38 ppm at -60 ºC. Coordination of sulphur atom 
to rhodium results in diastereotopic methylene protons appearing 
at 2.77 and 2.51 ppm, displaying a scalar coupling of 12.5 Hz. 
The more relevant signals of the 13C{1H}-APT spectrum are two 
doublets at δ 188.6 (JC-Rh = 72.1 Hz) and 184.1 ppm (JC-Rh = 53.6 



 

Hz) corresponding to CO and IPr ligands, respectively. The ni-
trogen atom of the η1-N 2-hydroxypyridine ligand resonates at δ 
254.0 ppm. 

 

Figure 2. 1H NMR spectra of 8 at -30 ºC (up) and -60 ºC 
(down). 

Thereafter, the reactivity of 8 towards alkynes was studied. 
Thus, treatment of a freshly prepared sample of 8 with phenyla-
cetylene at -30 ºC showed no reaction. However, heating the 
sample at room temperature gave rise to the formation of the α-
vinyl sulfide product resulting from hydrothiolation and a mix-
ture of unidentified rhodium species. In addition, no reaction was 
observed after treatment of 8 with a second equivalent of ben-
zylthiol at low temperature although the sample slowly decom-
posed at room temperature. 

A competitive hydrothiolation experiment between phenyla-
cetylene and phenylacetylene-d1 was performed in order to eval-
uate the kinetic isotope effect kH/kD (Scheme 5).14 A syn addition 
of the thiol across the triple bond is confirmed since only E-deu-
terostyrene was obtained. A secondary KIE value of 1.28±0.03 
is calculated, which indicates that a C-D bond is not breaking in 
the rate-determining step and agrees with a turn-over limiting al-
kyne migratory insertion mechanism.15 

Scheme 5. KIE measurement for hydrothiolation reaction. 

 

 

 

Scheme 6. Mechanistic Proposal for Alkyne Hydrothiolation Mediated by 5. 

In view of these results a mechanistic proposal is presented in 
Scheme 6. In the first step, the activation of a thiol molecule by 
5 gives rise to the formation of a thiolate-η1-N-hydroxypyridine 
intermediate I similar to 8. From this point, two plausible path-
ways are conceivable: i) activation of the alkyne in a RhI inter-
mediate or ii) oxidative addition of the thiol. In the first case, the 

non-oxidative cycle starts by exchange of alkyne and pyridine 
ligands to form II. In this intermediate 1,2-thiolate insertion is 
more likely to afford the thioalkenyl unsaturated species III in 
which a molecule of thiol can coordinate to form IV. Subsequent 
sequential thiol oxidative addition-reductive elimination or pro-
tonolysis and addition of the pyridine ligand regenerates I. 



 

The second cycle (Scheme 6, left) starts by the oxidative addi-
tion of a thiol molecule to form the bisthiolate-hydride-RhIII in-
termediate V. Oxidative addition of the alkyne on I is possible 
but unlikely since thiol is more acidic. Next step is alkyne coor-
dination to the vacant site of V located trans to the higher trans-
influence hydride ligand to yield VI, and therefore 1,2-thiolate 
insertion results in the formation of VII. Subsequent hydride-thi-
oalkenyl reductive elimination give rise to the branched vinyl 
sulfide, thus regenerating the catalytically active species by oxi-
dative addition of thiol on the resulting unsaturated species. The 
above described stoichiometric results points to the non-oxida-
tive mechanism to be operative. It seems reasonable that the ox-
idative addition of thiol in I is hampered by the presence of a π-
acceptor carbonyl ligand, which contrasts with the reactivity pre-
viously observed for the intermediate Rh(SR)(IPr)(2-coe)(py) 
lacking of such a strong electron-acceptor ligand.9h 

Theoretical Calculations on the Mechanism. A detailed DFT 
computational analysis on the mechanism of alkyne hydrothio-
lation promoted by 5 has been carried out. The B3LYP method 
including dispersion correction has been used throughout the 
study. Full IPr, pyridine-2-methanolato, thiophenol and phenyla-
cetylene have been explicitly considered. All the energies are 
relative to the starting point A (compound 5) and the 
corresponding reactants. The first process studied is the 
deprotonation of the thiol by the alkoxo ligand (Figure 3). 
Approximation of a thiol molecule to A by formation of a 
hydrogen bond stabilizes the complex 8.3 kcal mol-1 (A’). From 
this point, protonation of the alkoxo group by the external thiol 
takes places via B-TS to generate C which is 13.7 kcal mol-1 
more stable than A. An alternative pathway via oxidative 
addition of thiol to A is unfeasible as the resuting hydride-
thiolate-RhIII C’ is located at 0.3 kcal mol-1. 

 

Figure 3. Computed energies (ΔG in kcal mol-1) for the proto-
nation of the alkoxo ligand by the external thiol. 

Compound C may evolve by the two pathways described in 
Scheme 6. Both routes were computed and presented in Figures 
4-7. The first step in the non-oxidative pathway is the pyridine-
alkyne exchange to yield the RhI-π-alkyne intermediate D which 
is 8.2 kcal mol-1 less stable than C, which reflects the affinity of 
the catalytic system for pyridine ligands. Due to the two possible 
orientations for the coordinated alkyne to the metallic center, the 
route bifurcates to yield α-vinyl sulfides (E-G, red line) via 1,2-
thiolate insertion or β-E-vinyl sulfides via 2,1-thiolate insertion 
(E’-G’, blue line). The Markovnikov-type addition pathway is 
less energetically demanding, showing a barrier of 30.2 kcal mol-

1 via E-TS, in contrast to 31.6 kcal mol-1 computed for the lineal 
vinyl sulfide via E’-TS. These transition states evolve to thio-
metallacyclobutane intermediates F and F’ in which, after an 
isomerization process, the sulfur atom is located trans to IPr. 
Subsequent decoordination of the sulfur atom allows the free ac-
cess to a new molecule of thiol to generate G and G’. 

 

Figure 4. DFT calculated (ΔG in kcal mol-1) along the energy 
surface for the formation of vinyl sulfides through a non-oxida-
tive process. Structures E to G correspond to α-vinyl sulfide for-
mation (R1 = Ph, R2 = H, red line) and structures E’ to G’ lead to 
β-E-vinyl sulfides (R1 = H, R2 = Ph, blue line). 

The next step of the non-oxidative pathway is the release of 
vinyl sulfide from G and G’. Two possibilities have been com-
puted (Figure 5). In the first one, oxidative addition of a molecule 
of thiol on G and G’ generates hydride-thiolate-RhIII intermedi-
ates I and I’ via H-TS and H’-TS. Subsequent reductive elimi-
nation through J-TS and J’-TS yields K and K’, respectively. 
The second pathway consists in the direct formation of K and K’ 
by protonolysis within G and G’ via L-TS and L’-TS. Both path-
ways show very similar energetic barriers. In fact, oxidative ad-
dition-reductive elimination is the preferred pathway for the 
formation of α-vinyl sulfide (3.3 vs 5.4 kcal mol-1), whereas 
protonolysis is more favourable for the formation of β-E-vi-
nyl sulfide (8.2 vs 8.7 kcal mol-1). Nevertheless, in both cases 
lower energetic barriers related to those found in the migratory 
insertion step have been computed.  

 

Figure 5. DFT calculated (ΔG in kcal mol-1) along the energy 
surface for the formation of vinyl sulfides through oxidative ad-
dition – reductive elimination (H-TS to K) or protonolysis (L-
TS). Structures G to K correspond to α-vinyl sulfide formation 
(R1 = Ph, R2 = H, red line) and structures G’ to K’ lead to β-E-
vinyl sulfides (R1 = H, R2 = Ph, blue line). 

In the other hand, the first step in the process that implies oxi-
dation of the metallic center is the oxidative addition of the thiol 
(Figure 6). The thiol replaces 2-hydroxymethylpyridine to form 
M which is destabilized 10.4 kcal mol-1 with regard to C. From 
this intermediate activation of S-H bond takes place via N-TS 
located at 10.1 kcal mol-1 relative to A, to form the hydride-bis-



 

thiolate compound O’, which isomerizes to the more stable com-
plex O with both thiolated ligand disposed mutually trans and 
the carbonyl moiety located trans to IPr.  

 

Figure 6. DFT calculations (ΔG in kcal mol-1) for the oxidative 
addition of thiol to intermediate C.  

After formation of O the catalytic cycle may follow the hydro-
metallation or thiometalation pathways (Figure 7). Coordination 
of the alkyne in the vacant site of O generates P, which is desta-
bilized by 1.0 kcal mol-1. Then insertion of the alkyne into Rh-S 
bond takes place via Q-TS and Q’-TS. Taking into account that 
we are under Curtin-Hammett conditions (see Figure 6), the en-
ergetic barrier from C to the transition states is 31.6 and 35.2 kcal 
mol-1, respectively, both higher than that computed for the rate-
limiting step in the non-oxidative cycle, making impractical fur-
ther analysis of that pathway. In contrast to thiometallation, an 
isomerization after coordination of alkyne is necessary in order 
to hydrometallation process to be operative as hydride and π-al-
kyne ligands have to be disposed mutually cis. Intermediates R 
and R’ are 17.7 and 17.5 kcal mol-1 higher in energy than O, 
respectively. After this point, insertion of alkyne into Rh-H bond 
goes through transition states S-TS and S’-TS with energetic 
barrier from C of 33.9 and 37.0 kcal mol-1, respectively. 

 

Figure 7. DFT calculated (ΔG in kcal mol-1) along the energy 
surface for the formation of vinyl sulfides through hydro-
meltallation and thiometallation processes. Structures P to S cor-
respond to α-vinyl sulfide formation (R1 = Ph, R2 = H, red line) 
and structures P’ to S’ lead to β-E-vinyl sulfides (R1 = H, R2 = 
Ph, blue line). 

In all pathways studied the migratory insertion is the rate-lim-
iting step. The lower barrier is found for the non-oxidative pro-
cess (30.2 kcal mol-1), whereas the routes that involve RhIII inter-
mediates show 31.6 and 33.9 kcal mol-1 for the thiometallation 
and hydrometallation pathways, respectively. These results are 

in agreement with the calculated KIE and the low activity ob-
served at room temperature. However, catalyst 5 displays higher 
selectivity than the previously reported Rh-NHC catalysts, with-
out the need of addition of pyridine. It is worth mentioning that 
the operative mechanism for catalyst precursor 5, which pro-
ceeds through RhI catalytic intermediates, is markedly different 
to that observed for related Rh-NHC catalytic systems that in-
volve RhIII active species. The key point is the presence of an in-
ternal base such as the alkoxo ligand. This requisite was already 
present in Rh(µ-OH)(IPr)(η2-olefin)/py catalytic systems. How-
ever, the carbonyl ligand in 5 plays an important role. Theoreti-
cal studies over Rh-NHC square planar systems have revealed 
that pyridine has a tendency to coordinate trans to IPr, whereas 
-acceptor ligands are prone to bind cis to IPr.13h This coordina-
tion affinity results in a mutually trans disposition of thiolate and 
alkyne in the key intermediate species for the pyridine-based cat-
alysts, whereas these ligands are mutually cis in the CO-based 
systems, facilitating the rate-limiting alkyne thiometallation 
step.  

CONCLUSIONS 

In summary, the new RhI-NHC-CO complex bearing a pyridine-
2-methanolato ligand is an efficient catalyst for alkyne hydrothi-
olation with high selectivity towards the Markovnikov product. 
The rational catalyst design has resulted in an improvement 
of the selectivity with regard to previously reported Rh-NHC 
systems without the need of addition of pyridine. Reactivity stud-
ies and DFT calculations have revealed a new non-oxidative cat-
alytic pathway passing through RhI catalytic intermediates. The 
basic alkoxo ligand assists the deprotonation of the incoming 
thiol to generate the RhI active species. On the other hand, the 
carbonyl ligand plays an essential role as its π-acceptor capacity 
hampers the oxidative addition processes. Indeed, its affinity to 
coordinate cis to the IPr ligand opens the way for a cis thiolate-
π-alkyne intermediate, which favors the rate-limiting migratory 
insertion step. These results prompt us to apply the underlying 
principles to the design of improved catalysts for C-C and C-
Heteroatom forming catalytic reactions.  

EXPERIMENTAL SECTION 

General Considerations. All reactions were carried out with 
rigorous exclusion of air using Schlenk-tube techniques. The re-
agents were purchased from commercial sources and used as re-
ceived, except for phenylacetylene that was distilled and stored 
over molecular sieves. Organic solvents were dried by standard 
procedures and distilled under argon prior to use or obtained ox-
ygen- and water-free from a Solvent Purification System (Inno-
vative Technologies). The organometallic precursors 19h and 313a 
were prepared as previously described. Chemical shifts (ex-
pressed in parts per million) are referenced to residual solvent 
peaks (1H, 13C{1H}) or liquid NH3 (15N). Coupling constants, J, 
are given in hertzs. Spectral assignments were achieved by com-
bination of 1H-1H COSY, 13C{1H}-APT and 1H-13C 
HSQC/HMBC experiments. H, C and N analysis were carried 
out in a Perkin-Elmer 2400 CHNS/O analyzer. GC-MS analysis 
were recorder on an Agilent 5973 mass selective detector inter-
faced to an Agilent 6890 series gas chromatograph system, using 
a HP-5MS 5% phenyl methyl siloxane column (30 m x 250 mm 
with a 0.25 mm film thickness). The organic products were iden-
tified by comparison with the previously reported data: phenyl 
(1-phenylvinyl) sulfide,3g butyl (1-phenylvinyl) sulfide,16 benzyl 
(1-phenylvinyl) sulfide,9c phenyl S-(1-phenylvinyl)-N-Boc-L-



 

cysteine-methylester,9f 1,6-Bis((1-phenylvinyl)thio)hexane,9f 
phenyl (hex-1-en-2-yl) sulfide,17 phenyl (3-methoxyprop-1-en-
2-yl) sulfide,8b phenyl 1-(cyclohex-1-en-1-yl)vinyl sulfide,9c 2-
(2-(phenylthio)vinyl)pyridine,8h (E)-3-(phenylthio)hex-3-ene.5b 

Preparation of Rh{2-O,N-[2-(OCH2)py]}(IPr)(η2-coe) (2). 
Method a: A yellow solution of 1 (100 mg, 0.08 mmol) in 10 mL 
of toluene was treated with 2-hydroxymethylpyridine (15 µL, 
0.16 mmol) and stirred at 313 K for 2 h. Then, the solution was 
concentrated to ca. 1 mL and n-hexane added to induce the pre-
cipitation of a yelow solid, which was washed with n-hexane (3 
x 3 mL) and dried in vacuo. Yield: 78.3 mg (70 %). Method b: A 
solution of 2-hydroxymethylpyridine (35 µL, 0.36 mmol) in 5 
mL of THF was treated with potassium tert-butoxide (42 mg, 
0.37 mmol) and stirred at r.t. for 30 min. Then, this solution was 
poured over a solution of 3 (215 mg, 0.17 mmol) in 5 mL of THF 
and stirred at r.t. for 1.5 h. Afterwards, the solution was concen-
trated to ca. 1 mL and n-hexane was added to induce the precip-
itation of a yellow solid, which was washed with n-hexane (3 x 
1 mL) and dried in vacuo. Yield: 178 mg (74 %). Satisfactory 
elemental analysis could not be obtained. 1H NMR (500 MHz, 
toluene-d8, 233 K): δ 8.36 (d, JH-H = 5.5, 1H, H6-py), 7.3-7.0 (m, 
6H, HPh-IPr), 6.60 (m, 2H, H4-py, H3-py), 6.50 (s, 2H, =CHN), 6.07 
(dd, JH-H = 6.8, 5.5, 1H, H5-py), 5.67 (s, 2H, CH2O), 4.61 and 2.52 
(both sept, JH-H = 6.8, 4H, CHMeIPr), 2.68 (m, 2H, =CHcoe), 1.9-
1.0 (m, 12H, CH2coe), 1.62, 1.46, 1.14, and 1.04 (all d, JH-H = 6.8, 
24H, CHMeIPr). 13C{1H}-APT NMR (75.1 MHz, toluene-d8, 233 
K): δ 185.9 (d, JC-Rh = 61.2, Rh–CIPr), 175.0 (s, C2-py), 150.5 (s, 
C6-py), 148.0 and 145.4 (both s, Cq-IPr), 137.6 (s, CqN), 133.0 (s, 
C4-py), 129.2, 124.3, and 122.5 (all s, CHPh-IPr), 123.6 (s, =CHN), 
119.4 (s, C5-py), 117.8 (s, C3-py), 79.2 (s, CH2O), 51.2 (d, JC-Rh = 
12.9, =CHcoe), 30.7, 30.6, and 26.4 (all s, CH2-coe), 28.7 and 28.5 
(both s, CHMeIPr), 26.6, 26.4, 23.5, and 22.7 (all s, CHMeIPr). 

Preparation of Rh{2-O,N-[2-(OCH2)py]}(IPr)(O2) (4). Air 
was bubbled through a toluene solution (10 mL) of 2 (100 mg, 
0.141 mmol) for 15 min at r.t. Then, the solvent was evaporated 
to dryness and the residue stirred with n-hexane to give a violet 
solid which was washed with n-hexane (4 x 2 mL) and dried in 
vacuo. Yield: 76 mg (85%). Anal. Calcd. for C33H42N3O3Rh: C, 
62.75; H, 6.70; N, 6.65. Found: C, 62.51; H, 6.72; N, 6.48. 1H 
NMR (400 MHz, C6D6, 298 K): δ 7.64 (dd, JH-H = 5.4, 1H, H6-

py), 7.2-7.3 (m, 6H, HPh), 6.73 (s, 2H, =CHN), 6.52 (vt, NH-H = 
15.4, 1H, H4-py), 6.23 (dd, JH-H = 7.7, 5.4, 1H, H5-py), 6.20 (d, JH-

H =7.5, 1H, H3-py), 4.81 (s, 2H, CH2O), 3.28 (sept, JH-H = 6.7, 4H, 
CHMeIPr), 1.58 and 1.17 (d, JH-H = 6.7, 12H, CHMeIPr). 13C{1H}-
APT NMR (100.6 MHz, C6D6, 298K): δ 179.7 (d, JC-Rh = 58.4, 
Rh–CIPr), 169.1 (d, JC-Rh = 3, C2-py), 147.2 (s, C6-py), 147.1 (s, Cq-

IPr), 136.7 (s, CqN), 134.8 (s, C4-py), 129.5 and 123.5 (s, CHm-p-

IPr), 124.0 (s, =CHN), 120.9 (s, C5-py), 116.2 (s, C3-py), 81.8 (s, 
CH2O), 28.9 (s, CHMe-IPr), 25.9 and 23.2 (s, CHMeIPr). 

Preparation of Rh{2-O,N-[2-(OCH2)py]}(IPr)(CO) (5). A 
yellow solution of 1 (100 mg, 0.08 mmol) in 10 mL of toluene 
was treated with 2-hydroxymethylpyridine (30 µL, 0.32 mmol) 
and stirred at 353 K for 4 h. Then, the solution was concentrated 
to ca. 1 mL and n-hexane added to induce the precipitation of a 
yelow solid, which was washed with n-hexane (3 x 3 mL) and 
dried in vacuo. Yield: 75.4 mg (76 %). Anal. Calcd. for 
C34H42N3O2Rh: C, 65.07; H, 6.75; N, 6.70. Found: C, 64.92; H, 
6.92; N, 6.62. 1H NMR (300 MHz, C6D6, 298 K): δ 8.22 (d, JH-H 
= 4.0, 1H, H6-py), 7.3-7.0 (m, 6H, HPh-IPr), 6.81 (s, 2H, =CHN), 
6.57 (vt, NH-H = 14.6, 1H, H4-py), 6.42 (d, JH-H = 7.8, 1H, H3-py), 
5.98 (t, JH-H = 5.9, 1H, H5-py), 5.37 (s, 2H, CH2O), 3.52 (sept, JH-

H = 6.7, 4H, CHMeIPr), 1.73 and 1.27 (both d, JH-H = 6.5, 24H, 
CHMeIPr). 13C{1H}-APT NMR (75.1 MHz, C6D6, 298 K): δ 

193.0 (d, JC-Rh = 70.3, CO), 186.1 (d, JC-Rh = 57.3, Rh–CIPr), 
174.1 (s, C2-py), 149.7 (s, C6-py), 146.7 (s, Cq-IPr), 137.1 (s, CqN), 
133.7 (s, C4-py), 129.6 and 123.7 (both s, CPh-IPr), 123.6 (s, 
=CHN), 120.3 (s, C5-py), 117.8 (s, C3-py), 78.1 (s, CH2O), 28.9 (s, 
CHMeIPr), 25.9 and 23.0 (both s, CHMeIPr). 1H-15N NMR HMBC 
(40.1 MHz, toluene-d8, 243 K): δ 257.3 (Npy), 192.0 (NIPr). 

In situ formation Rh(SCH2Ph){η1-N[2-
(HOCH2)py]}(IPr)(CO) (8). A toluene-d8 solution of 3 (20 mg, 
0.032 mmol) in an NMR tube at 243 K was treated with ben-
zylthiol (3.8 µL, 0.032 mmol). NMR spectra were recorded im-
mediately at 243 K. 1H NMR (400 MHz, toluene-d8, 243 K): δ 
8.17 (d, J H-H = 5.2, 1H, H6-Opy), 7.5-7.1 (m, 11H, HPh), 6.68 (s, 
2H, =CHN), 6.48 (br, 2H, H3-py and H4-py), 6.17 (d, JH-H = 10.0, 
1H, HOCH2py), 5.96 (dd, JH-H = 8.7, 5.2, 1H, H5-py), 5.44 (d, JH-

H = 10.7, 1H, HOCH2py), 4.18 (dd, JH-H = 10.7, 10.0, 1H, 
HOCH2py), 3.41 and 3.29 (both br, 4H, CHMeIpr), 2.77 and 2.51 
(both d, JH-H = 12.5, 2H, PhCH2S), 1.66, 1.60, 1.13, and 1.11 (all 
br, 24H, CHMeIpr). 13C{1H}-APT NMR (100.6 MHz, toluene-d8, 
243 K): δ 188.6 (d, JC-Rh = 72.1, CO), 184.1 (d, JC-Rh = 53.6, Rh-
CIPr), 162.9 (s, C2-py), 152.8 (s, C6-py), 145.4 (s, CqCH2S), 137.2 
(s, CqN), 136.1 (s, C4-py), 129.9, 128.9, 128.6, 127.6, and 125.5 
(all s, CHPh), 124.0 (s, C3-py), 121.9 (s, C5-py), 121.7 (s, =CHN), 
60.0 (s, HOCH2py ), 30.7 (s, PhCH2S), 28.4 and 28.2 (both s, 
CHMeIPr), 26.7, 26.3, and 22.6 (all s, CHMeIPr). 1H-15N NMR 
HMBC (40.1 MHz, toluene-d8, 243 K): δ 254.0 (Npy), 192.0 
(NIPr). 

Standard conditions for catalytic hydrothiolation of al-
kynes. A NMR tube containing a solution of 0.01 mmol of cata-
lyst in 0.5 mL of C6D6 was treated with 0.5 mmol of thiol and 
0.5 mmol of alkyne. The reaction was monitored by 1H NMR at 
the required temperature and the conversion was determined by 
integration of the corresponding resonances of the alkyne and the 
products. The final reaction products was analysed by GC-MS 
techniques. 

KIE determination. A NMR tube containing a solution of 
0.01 mmol of catalyst in 0.5 mL of C6D6 was treated with 0.5 
mmol of thiophenol, 0.25 mmol of phenylacetylene, and 0.25 
mmol of phenylacetylene-d1. The reaction was monitored by 1H 
NMR (500 MHz) at 298K and the conversion was determined by 
integration of the corresponding resonances of the thiol and the 
products.  

Crystal Structure Determinations. Single crystals for the X-
ray diffraction studies were grown by slow diffusion of n-hexane 
into toluene (4) or C6D6 (5) solutions of the complexes. X-ray 
diffraction data were collected at 100(2) K on a Bruker APEX 
DUO CCD diffractometer with graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å) using narrow ω rotations (0.3°). 
Intensities were integrated and corrected for absorption effects 
with SAINT-PLUS,18 and SADABS19 programs, both included 
in APEX2 package. The structures were solved by Patterson 
methods with SHELXS-9720 and refined, by full matrix least-
squares on F2, with SHELXL-2014.21 In both cases, the crystal-
lographic imposed symmetry makes only half of the complex to 
be asymmetric, having the metal, the carbene carbon atom and 
the pyridine-2-methanolato ligand on the symmetry plane. Both 
structures were refined first with isotropic and later with aniso-
tropic displacement parameters for non-disordered non-H atoms. 
Specific relevant details on each structure are described below.  

Crystal data for 4: C33H42N3O3Rh; M = 631.60; brown prism 
0.114 × 0.126 × 0.131 mm3; orthorhombic, Pnma; a = 17.597(4), 
b = 17.206(4), c = 9.999(2) Å; Z = 4; V = 3027.5(11) Å3; Dc = 
1.386 gꞏcm-3; μ = 0.601 mm-1; min. and max. absorption correc-
tion factors 0.855 and 0.946; 2max = 50.05°; 22854 reflections 



 

collected, 2768 unique (Rint = 0.0462); number of data/re-
straints/parameters 2768/17/247; final GOF 1.119; R1 = 0.0345 
(2159 reflections, I > 2σ(I)); wR(F2) = 0.0967 for all data. After 
anisotropic refinement of all non-hydrogen atoms, an anomalous 
very intense residual was present in close proximity of the metal; 
at the same time some hydrogen atoms of the carbene ligand be-
came clearly apparent at the difference Fourier maps. Detailed 
inspection of the electron density around the metal-coordinated 
atoms also showed weak residuals in the proximity of both inde-
pendent oxygen atoms: methoxy group and dioxygen ligand. All 
these residuals have been interpreted assuming a minor disorder 
of these two ligands being interchanged at both sides of the 
metal. The second disordered coordination of the methoxy/diox-
ygen moieties is present in the crystal in a very small fraction 
{relative occupancy of 0.126 vs. 0.874(3)}, being this the reason 
to observe only one significant residual close to the metal atom. 
Hydrogens have been included only for those non-disordered at-
oms, in some cases (when clearly observed) as free isotropic at-
oms, and in other cases (for terminal methyl groups) in calcu-
lated positions. Final residuals were all well under 1 e-/Å3. 

Crystal data for 5: C34H42N3O2Rhꞏ2 C6D6; M = 783.86; orange 
prism 0.195 × 0.185 × 0.082 mm3; orthorhombic, Pnma; a = 
17.857(5), b = 21.917(6), c = 10.326(3) Å; Z = 4; V = 4041.3(18) 
Å3; Dc = 1.288 gꞏcm-3; μ = 0.463 mm-1; min. and max. absorption 
correction factors 0.845 and 0.948; 2max = 54.20°; 45624 reflec-
tions collected, 4570 unique (Rint = 0.0640); number of data/re-
straints/parameters 4570/0/320; final GOF 1.105; R1 = 0.0568 
(3914 reflections, I > 2σ(I)); wR(F2) = 0.1162 for all data. A ben-
zene solvent molecule was observed in the crystal structure. Hy-
drogens were observed from difference Fourier maps, and re-
fined as free isotropic atoms, except those bonded to the terminal 
methyl groups. Two residual peaks slightly above 1 e-/Å3 were 
observed in the final difference map, but they have no chemical 
sense. 

Computational details. All DFT theoretical calculations have 
been carried out using the Gaussian program package.22 The 
B3LYP method23 has been employed, including the D3 disper-
sion correction scheme developed by Grimme24 for both energies 
and gradient calculations and the “ultrafine” grid. The def2-SVP 
basis set25 has been selected for all atoms. The nature of the sta-
tionary points has been confirmed by analytical frequency anal-
ysis. We have reported in the SI the computational results includ-
ing the cartesian coordinates (in Å), absolute energy (in a.u) and 
graphical representation. 

ASSOCIATED CONTENT  
X-ray crystallographic information files containing full details of 
the structural analysis of complexes 4 and 5 (CIF format). Car-
tesian coordinates for theoretical calculations (xyz format). Ex-
perimental procedures, KIE determination, and NMR spectra for 
complexes. This material is available free of charge via the In-
ternet at http://pubs.acs.org 
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