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Catalytic hydration of cyanamides with phosphinous acid-based
ruthenium(ll) and osmium(ll) complexes: Scope and mechanistic
insights

Rebeca Gonzalez-Fernindez,® Daniel Alvarez, Pascale Crochet,? Victorio Cadierno,** M. Isabel
Menéndez® and Ramén Lépez*P

The synthesis of a large variety of ureas R'RZINC(=O)NH: (R! and R? = alkyl, aryl or H; 26 examples) was successfully
accomplished by hydration of the corresponding cyanamides R!RZNC=N using the phosphinous acid-based complexes
[MCl2(n®-p-cymene)(PMe,OH)] (M = Ru (1), Os (2)) as catalysts. The reactions proceeded cleanly under mild conditions (40-
70 °C), in the absence of any additive, employing low metal loadings (1 mol%) and water as the sole solvent. In almost all
the cases, the osmium complex 2 featured a superior reactivity in comparison to that of its ruthenium counterpart 1. In
addition, for both catalysts, the reaction rates observed for the hydration of the cyanamide substrates were remarkably
faster than those involving classical aliphatic and aromatic nitriles. Computational studies allowed us to rationalize all these
trends. Thus, the calculations indicated that the presence of a nitrogen atom directly linked to the C=N bond depopulates
electronically the nitrile carbon by inductive effect when coordinated to the metal center, thus favouring the intramolecular
nucleophilic attack of the OH group of the phosphinous acid ligand to this carbon. On the other hand, the higher reactivity
of Os vs Ru seems to be related with the lower ring strain on the incipient metallacycle that starts to form in the transition
state associated with this key step in the catalytic cycle. Indirect experimental evidences of the generation of the
metallacyclic intermediates were obtained by studying the reactivity of [RuCly(n®-p-cymene)(PMe2OH)] (1) towards
dimethylcyanamide  in ethanol.  The afforded [RuCl(n5-p-
cymene)(PMe20OR)(N=CNMe:)][SbFs] (R = Me (5a), Et (5b)), resulting from the alcoholysis of the metallacycle, which

methanol  and reactions compounds

could be characterized by single-crystal X-ray diffraction.

Introduction

Urea is an important structural motif in organic chemistry,
present in a wide range of natural products, pharmaceuticals
and agrochemicals.! The unique hydrogen binding capabilities
of ureas make them also useful molecules for application in
molecular recognition,? organocatalysis> or as gelators.*
According to their relevance, a plethora of synthetic approaches
can be found in the literature, the most common ones involving
the reaction between phosgene (or more environmentally
friendly surrogates like carbonate and carbamate derivatives)
and amines, or the metal-catalyzed carbonylation of amines
using CO or CO; as the source of the carbonyl unit.> Hofmann,
Lossen and Curtius rearrangements are also well-known
protocols to obtain urea derivatives, but, unfortunately, a
number of drawbacks are encountered in all these classical
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routes, including a narrow substrate scope in some cases, the
use of toxic and/or expensive reagents, harsh reaction
conditions or multistep sequences. Thus, the search of
expeditious and versatile protocols for the synthesis of ureas
still remains a challenge for synthetic chemists. In this regard,
the hydration of readily available cyanamides offers a simple
and atom-economical entry to substituted ureas (Scheme 1).%7
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Scheme 1 The hydration of cyanamides to substituted ureas.

However, compared to the case of classical organonitriles R-
C=N (R =alkyl or aryl group), efforts devoted to develop efficient
catalytic systems able to promote the hydration of cyanamides
have been very scarce to date.® In fact, most of the examples
quoted in the literature involve the use of strong Brgnsted acids
and bases as promoters, methods that suffer from drastic
conditions, poor functional group compatibility and selectivity
problems associated to the hydrolytic cleavage of the desired
ureas, which leads to the formation of amines as by-products.5?
In the most recent years, the hydration of cyanamides to ureas
have been selectively achieved, under remarkably mild
conditions, employing TiO,,1% Ag and Pd nanoparticles,% or
Ag/bone nanocomposites.’% However, the scope of these
heterogenous catalysts is restricted to N-aryl monosubstituted
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cyanamides.1112 Surprisingly, despite the fact that the addition
of water to the C=N bond of cyanamides is known to be
favoured upon coordination to transition metals,’®* no
homogeneous catalysts have been reported to date for the
direct hydration of cyanamides. As a representative example,
Bokach, Kukushkin and co-workers reported the synthesis of
several O-bonded urea complexes [ZnX2{O=C(NH3)(NR2)}2] (X=
Cl, Br, I; R = aryl or alkyl group) upon heating compounds
[ZnX3(N=CNR3)2] in wet solvents without the aid of acidic or
basic reagents.14

For long time we have been interested, from both
experimental and mechanistic points of view, on the metal-
catalyzed hydration of nitriles.’> Among the different catalytic
systems explored, the phosphinous acid-based ruthenium(ll)
and osmium(ll) complexes [MCl,(n®-p-cymene)(PMe,OH)] (M =
Ru (1), Os (2); see Fig. 1) proved to be particularly effective,
allowing to perform the hydration of a wide range of
organonitriles in pure water, in the absence of any acidic or
basic additive, with low metal loadings (1 mol%) and under
relatively mild thermal conditions (80 °C).16:17
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Fig. 1 Structure of half-sandwich Ru(ll) and Os(ll) complexes 1 and 2.

Density functional theory (DFT) calculations on these
systems also demonstrated the key role played by the Me,POH
ligand on the hydration process.’® Thus, according to our
calculations, the reactions proceed through the initial formation
of a five-membered metallacyclic intermediate generated by
intramolecular addition of the P-OH group of the phosphinous
acid ligand to the metal-coordinated nitrile, with the
subsequent hydrolysis of the metallacycle leading to the final
amide product (Scheme 2).1819
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Scheme 2 Reaction pathway for the hydration of nitriles catalyzed by complexes
1and 2.
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In this context, it is worthy to mention that Pregosin and co-
workers were able to isolate the related metallacyclic
compound B by reacting the arene-ruthenium(ll) complex A
with an excess of 4-methylbenzonitrile (Scheme 3).20 The X-ray
crystal structure of B was subsequently reported by us along
with its reactivity towards water, which led to the formation of
the aquo-complex C with liberation of 4-methylbenzamide (see
Scheme 3).2%2 Also of note is the fact that compound B is
catalytically active in the hydration of 4-methylbenzonitrile into
4-methylbenzamide.20b
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Scheme 3 Synthesis and hydrolytic cleavage of the ruthenacycle B.

With all these precedents in mind, and with the aim of
discovering an efficient and general homogeneous system for
the cyanamide-to-urea conversion, we decided to explore the
catalytic potential of complexes [MCly(n®-p-cymene)(PMe,0H)]
(M = Ru (1), Os (2)) for the selective hydration of cyanamides.
The experimental results obtained are herein presented, along
with additional theoretical investigations aimed to understand
the different reaction rates observed between cyanamides and
classical organonitriles.

Results and discussion

Catalytic hydration of cyanamides by the phosphinous acid-based
Ru(ll) and Os(1l) complexes [MCl,(n¢-p-cymene)(PMe,OH)] (M = Ru
(1), Os (2)).

The ability of complexes 1-2 to promote the hydration of
cyanamides was first investigated employing commercially
available dimethylcyanamide 3a as a model substrate (see Table
1). Initial experiments were performed by adding the
corresponding catalyst (1 mol%) to a 0.33 M aqueous solution
of 3a, and subsequent heating of the mixture in an oil bath at
80 °C. To our delight, a first control by gas chromatography (GC)
at 15 minutes showed, for both reactions, the complete
consumption of the starting cyanamide 3a and the selective
formation of the desired N,N-dimethylurea product 4a (entries
1-2). Fast transformations were also observed when the same
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reactions were performed at 40 °C (entries 3-4), and even at
room temperature (entries 5-6). In addition, these experiments
showed the greater effectiveness of the osmium complex 2 vs
its ruthenium counterpart 1, which allowed the quantitative
formation of the urea 4a after only 30 min (entry 4) or 1 h (entry
6).

Table 1 Catalytic hydration of dimethylcyanamide 3a using complexes
[MCl2(n5-p-cymene)(PMe20H)] (M = Ru (1), Os (2)).°

(o]
N for2(0.2-1mol%)  ~ J
/'\‘ - H,O /1.t-80 °C T NH;
3a 4a

Entry Catalyst Loading Temp. (°C) t(h) Yield (%)?
1 1 1 mol% 80 0.25 >99
2 2 1 mol% 80 0.25 >99
3 1 1 mol% 40 1 97
4 2 1 mol% 40 0.5 >99
5 1 1 mol% r.t. 4.5 97
6 2 1 mol% r.t. 1 >99
7 2 0.5 mol% r.t. 15 >99
8 2 0.2 mol% r.t. 2 >99
9¢ [Pt] 1 mol% 80 1.5 3

9 Reactions were performed under Ar atmosphere starting from 1 mmol of
dimethylcyanamide (0.33 M in water). ® Determined by GC (uncorrected GC
areas). ¢ Reaction performed with the Parkins platinum catalyst
[PtH{(PMe20):H}(PMe20H)].

Reduction of the osmium loading to 0.5 or 0.2 mol% still
produced 4a in quantitative yield at r.t. without a drastic
increase in the reaction time (1.5 and 2 h, respectively; entries
7 and 8), further demonstrating the remarkable reactivity of
complex [OsCly(n®-p-cymene)(PMe,OH)] (2) (TOF and TON
values up to 250 h'! and 500, respectively). For comparative
purposes, the conversion of 3a into 4a was also attempted with
the Parkins complex [PtH{(PMe;0),H}(PMe,OH)] (1 mol%),
which is probably the most versatile catalyst currently known
for the hydration of nitriles.89:'8 As shown in entry 9, the
effectiveness of this catalyst was nearly null, leading only to
trace amounts of 4a after 1.5 h of heating at 80 °C (3a was
recovered almost unchanged at the end of the process).

Table 2 Catalytic hydration of acetonitrile and benzonitrile using complexes
[MClz(n®-p-cymene)(PMez0H)] (M = Ru (1), Os (2)).¢

1 or 2 (1 mol%)

X

R——==
' H,O /40 °C R” TNH;,
Entry Nitrile Catalyst t(h) Yield (%)°
1 R =Me 1 24 72
2 R =Me 2 24 (17) >99 (80)
3 R=Ph 1 5(4) >99 (95)
4 R=Ph 2 24 80

9 Reactions were performed under Ar atmosphere starting from 1 mmol of
the corresponding nitrile (0.33 M in water). ® Determined by GC (uncorrected
GC areas).

Another aspect worth to be remarked is the fact that the
shown by complexes 1 and 2 towards
dimethylcyanamide 3a are far superior to those found with

reactivities
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classical organonitriles (aliphatic or aromatic).1® Proof of that
are the results collected in Table 2, showing the hydration of
acetonitrile and benzonitrile with 1 mol% of 1 and 2 at 40 °C (to
be compared with entries 3-4 in Table 1). Apparently, the
presence of a N atom directly linked to the C=N unit seems to
favour the hydration process.

On the other hand, in order to determine the scope of
complexes [MCl;(n®-p-cymene)(PMe,OH)] (M = Ru (1), Os (2)),
the hydration of a library comprising diverse cyanamide
derivatives was next explored (see Table 3). The reactions were
routinely performed at 40 °C with metal loadings of 1 mol%.
Thus, as observed for 3a (entry 1), other symmetrically (3b-f)
and non-symmetrically (3g-i) disubstituted cyanamides could be
cleanly converted into the corresponding N,N-disubstituted
ureas 4b-i (entries 2-9), with the osmium complex 2 showing in
almost all the cases the best performance (GC yields > 98% after
0.5-5.5 h). High conversions were also achieved employing 1 as
catalyst, but at the expense of longer reaction times (except in
the case of N-ethyl-N-phenylcyanamide 3g; see entry 7). A very
fast hydration of the parent cyanamide 3j was observed with
both catalysts, leading to urea 4j in > 96% GC-yield after only 15
min (entry 10). Further evidences of the generality of the
process were gained employing different N-monosubstituted
substrates (entries 11-26). The results obtained were clearly
dependent on the aliphatic (3k-r) or aromatic (3s-z) nature of
the substituent. Thus, for the former (entries 11-18), the best
results were always obtained with the osmium catalyst 2 and,
except in the case of the bulky cyanamide 30 (entry 15), the
reactions could be conveniently performed at 40 °C. On the
contrary, for the aromatic substrates 3s-z a remarkably longer
reaction time (entry 19) or an increase of the temperature (70
°C; entries 20-26) was necessary to obtain the corresponding
urea products 4s-z in high yields. Moreover, a certain influence
of the electronic nature of the aromatic ring was observed, the
activity of the ruthenium complex 1 surpassing that of 2 when
electron-withdrawing halide substituents (3x-z) are present
(entries 24-26 vs 20-23). All the urea products 4a-z were
isolated in analytically pure form (61-94%) after
chromatographic workup of the reactions carried out with the
osmium catalyst 2, thus allowing to unambiguously confirm
their identities by NMR spectroscopy (see details in the
Experimental section). We would like to emphasize at this point
that, in none of the catalytic reactions studied in this work, the
formation of amines as by-products was detected by GC in the
crudes.

Mechanistic insights by computational chemistry calculations

We wanted to theoretically rationalize the differences in
reactivity found between cyanamide and classical organonitrile
hydrations (Table 2 vs 3). According to the thermodynamic
formulation of the transition state theory (TF-TST),2! the
reaction rate depends exponentially on the Gibbs energy
barrier, which causes that large differences in reaction times
correspond to only small ones in Gibbs energy barriers. This is
particularly important when comparing activation energy
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Table 3 Catalytic hydration of cyanamides using complexes [MClz(n®-p-
cymene)(PMe20H)] (M = Ru (1), Os (2)): Scope of the process.”

o]
1
R\ _ 1 or 2 (1 mol%) RL‘NJ\NH
2/N——N H,0 /40 °C \ 2
R 3a-z R?
4a-z

Entry  Substrate RY/R? Catalyst t(h) Yield (%)°
1 Me/Me (3a) 1 1.5 4a; > 99

2 0.5 4a; > 99 (92)
2 Et/Et (3b) 1 6.5 4b; 99

2 2 ab; > 99 (91)
3 Bn/Bn (3c) 1 24 4c; 60

2 5.5 4c; > 99 (80)
4 -(CH2)s- (3d) 1 1.5 4d; 96

2 15 4d; > 99 (75)
5 -(CH.)s- (3e) 1 3 4e; > 99

2 1.5 4e; >99 (91)
6 -(CH2)20(CH.)2- (3f) 1 1 af; > 99

2 0.5 4f; > 99 (94)
7 Et/Ph (3g) 1 05  4g;>99

2 1 4g; > 99 (89)
8 Et/CH.C(Me)=CH: (3h) 1 1.5 4h; > 99

2 1.5  4h;>99 (83)
9 Cy/CH,CH=CH> (3i) 1 7 4i; 96

2 3 4i; 98 (62)
10 H/H (3j) 1 0.25 4j;96

2 0.25  4j;>99 (80)
11 H/"Pr (3k) 1 1 4k; > 99

2 0.5 4k; > 99 (80)
12 H/Pr (31) 1 2 4l; > 99

2 0.5 41; > 99 (82)
13 H/Cy (3m) 1 2 4m; > 99

2 1 4m; > 99 (80)
14 H/Bu (3n) 1 7 4n; > 99

2 1.5 4n; > 99 (75)
15¢ H/1-Adamantyl (30) 1 15 40; 96

2 1 40; 96 (76)
16 H/Bn (3p) 1 6 ap; 84

2 0.5  4p;>99(74)
17 H/(S)-CHMePh (3q) 1 7 4q; 91

2 0.5 4q; > 99 (94)
18 H/(R)-CHMe-4-CsHsOMe (3r) 1 9 4r; 97

2 1 4r; > 99 (86)
19 H/Ph (3s) 1 24 4s; 75

2 24 4s;>99 (68)
209  H/2-CeHaMe (3t) 1 6.5 4t 94

2 3 4t; > 99 (82)
214 H/3-CsHaMe (3u) 1 8 4u; 95

2 1 4u; > 99 (72)
224 H/4-CsHaMe (3v) 1 3.5 4v; > 99

2 1.5  4v;>99(93)
234 H/4-CéHisOMe (3w) 1 9.5 4w; 95

2 5 4w; 95 (61)
249 H/2-CeHaCl (3x) 1 4 ax; > 99

2 6.5  4x;99(70)
259 H/4-CsH4Cl (3y) 1 3 4y; 93

2 9 ay; 92 (63)
26¢  H/2-CeHaBr (32) 1 4 4z; > 99

2 6.5 4z; > 99 (80)

9 Reactions were performed under Ar atmosphere starting from 1 mmol of
the corresponding cyanamide (0.33 M in water). ® Determined by GC
(uncorrected GC areas); isolated yields after work-up are given in brackets. ¢
Reactions performed at 80 °C with a metal loading of 3 mol%. ¢ Reactions
performed at 70 °C.
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barriers obtained from theoretical calculations aiming at
reproducing and rationalizing experimental kinetic trends.16b
For instance, the replacement of acetonitrile by
dibenzylcyanamide reduces the time of their 1-catalyzed
hydration from 24 hto 5.5 h at 40 °C. Using TF-TST,2! this implies
a difference in Gibbs energy barriers of less than 1 kcal/mol at
40 °C, which is the chemical accuracy in computational
chemistry.??2 This fact forces two requirements. On the one
hand, a very accurate theoretical method should be used to
calculate energy barriers. Thus, we used CPCM-DLPNO-
CCSD(T)/def2-TzVPP//PCM-B3LYP/6-31+G(d,p) (LANL2DZ for
Ru and Os) level of theory (see Computational Details section
below and its justification in the ESI). For the sake of brevity,
unless otherwise indicated, these computations will be
henceforth denoted as DLPNO-CCSD(T). On the other hand,
hydration processes with the largest possible difference in
reaction times should be selected for comparison. Thus, we
focused on the hydration of the cyanamide with the lowest
reaction time (~ 0.25 h), i.e. 3j, catalyzed by 1 and 2 (entry 10 in
Table 3), to contrast with the hydration of classical
organonitriles.

As for the hydration of acetonitrile and benzonitrile
previously studied in our laboratory,16 on the basis of the nature
of the catalysts 1 and 2 and the cyanamide substrates
considered herein, the most plausible reaction mechanisms for
the hydration of 3j are also the so-called intra- and
intermolecular ones.’®® The intramolecular mechanism
proceeds through the nucleophilic attack by the hydroxyl group
of the PMe,OH ligand on the nitrile carbon atom of the metal-
bonded cyanamide to form a metallacyclic intermediate (see for
instance Scheme 2). This species undergoes the cleavage of the
P-O bond by attack of a solvent water molecule on the P atom,
thus leading to the generation and posterior release of the
corresponding urea fragment. By analogy with the lower energy
cost theoretically found for the amide elimination in closely
related metal-catalyzed hydration of nitriles, the formation and
hydrolytic opening of the metallacycle are the key mechanistic
steps.15£.616 Figs, 2 and S59 collect the optimized geometries of
the species involved in those steps for the hydration of
cyanamide 3j catalyzed by 1 and 2, whereas their energy data
and Cartesian coordinates are reported in Tables S1-S3. To
better follow the theoretical results, labels 1-OH-S_M, TS1-OH-
S_M, 2-OH-S_M, and TS2-OH-S_M (S (substrate) = cyanamide
(cyan), acetonitrile (actn), benzonitrile (bzn); M = Ru, Os) are
used to identify the starting complex, the transition state (TS)
for the hydroxyl attack, the metallacycle intermediate, and the
TS for its cleavage, respectively. For the hydration of 3j, the
barrier for the hydroxyl attack is closer to that for the
metallacycle opening (see Table S2). The difference between
the energies of the two barriers reduces by 2.4/2.1 kcal/mol
(acetonitrile - cyanamide) and 4.0/4.0 kcal/mol (benzonitrile
- cyanamide) with 1/2, respectively. In any case, for the
cyanamide hydration, the Gibbs energy barrier of the
nucleophilic attack step is still 3.3/2.4 kcal/mol (catalyst 1/2)
larger than the cleavage step. The highly sophisticated
computational protocol here employed allows to confirm that
the former step is the rate-determining one (1-OH-S_M —> TS1-
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OH-S_M). Once more the alternative intermolecular
mechanism evolving through the PMe;0H-assisted nucleophilic
attack by one external solvent water molecule on the nitrile
carbon atom does not compete with the one described above.
For catalysts 1 and 2 the TS for such attack is 11.5 and 12.1
kcal/mol less stable than the analogous ones for the hydroxyl P-
OH attack, TS1-OH-cyan_Ru and TS1-OH-cyan_Os, respectively
(see TS1-OH,-cyan_Ru and TS1-OH,-cyan_Os in Fig. S60 and
Tables S1-S3). Consequently, we focused on the formation step
intramolecular
mechanism aiming at understanding the main experimental
results achieved for cyanamide vs classical

hydration.

of the metallcycle intermediate of the
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Fig. 2 Optimized geometries of the main species involved in the hydroxyl attack
step of the cyanamide hydration reactions catalyzed by [MCly(n®-p-
cymene)(PMe,OH)] (M = Ru (1), Os (2)). Distances are given in A in black colour.
For comparison purposes, analogous data for acetonitrile and benzonitrile
hydration catalyzed by 1 and 2 are also included in red and blue colours,
respectively.

As shown in Table 4 (first row), the replacement of
acetonitrile (benzonitrile) by cyanamide diminishes the rate-
determining Gibbs energy barrier by 3.6 kcal/mol (1.5 kcal/mol)
when using the ruthenium catalyst 1, while values of 1.5
kcal/mol (2.5 kcal/mol) were obtained in the case of the
osmium catalyst 2. This is in accordance with the experimental
fact that hydration of 3j is faster than that of acetonitrile and
benzonitrile (compare reaction times for entry 10 in Table 3 to
the corresponding ones in Table 2). Furthermore, the rate-
determining Gibbs energy barrier obtained for the hydration of
3j with 1 is 0.6 kcal/mol larger than the one with 2, thus
confirming the experimental evidences that the latter is, in
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general, more efficient for the hydration of cyanamide
substrates than the former.

Table 4 DLPNO-CCSD(T) rate-determining Gibbs energy barrier, AG*, of the
intramolecular mechanism investigated for  the [MCl2(n®-p-
cymene)(PMez0H)] (M = Ru (1), Os(2))-catalyzed hydration of the substrates
(S) cyanamide, acetonitrile, and benzonitrile (S = cyan, actn, and bzn,
respectively), electron delocalization index (DI) of the M-Nhitrile and Chitrite-Nnitrile
bonds at 1-OH-S_M and of the Chitrile:*Onyaroxy interaction at TS1-OH-S_M,
area (A) of the metallacycle that is beginning to form at the rate-determining
TS TS1-OH-S_M determined by M, P, Ohydroxyl, Chitrite and Nhitrile, and net natural
atomic charge (NAC) of M, P, Onydroxyl, Chitrile, Nnitrile, and the atom directly linked
to Chitrile (R) at 1-OH-S_M.

1 (Ru) 2 (0Os)
cyan actn bzn cyan actn bzn

AG#/kcal/mol 27.6 31.2 29.1 27.0 28.5 29.5

DI 0.674 0.692 0.7022 0.7596 0.7821 0.8033
(M-Nhnitrite) 8 1

DI 1.907 2.031 2.0123 1.8787 1.9993 1.9771
(Chitrite-Nhnitrile) 6 1

DI 0.325 0.377 0.3689 0.3107 0.3590 0.3637
(Chitrite***Ohydroxyl 5 5

)

A/ A2 5.719 5.639 5.649 5.733 5.663 5.648
NAC(M)/e 0.15 0.14 0.15 0.27 0.27 0.27
NAC(P)/e 1.61 1.61 1.61 1.58 1.58 1.59

NAC(Owdrowi)/e  -1.04  -1.04  -1.04  -105 -1.05 -1.04
NAC(Chitrite) /€ 0.60 0.48 0.47 0.61 0.49 0.48
NAC(Nhitrite) /e -0.41 -0.34 -0.33 -0.43 -0.36 -0.35

NAC(R)/e -0.89 -0.81 -0.21 -0.89 -0.81 -0.20
When comparing the most relevant distances of the

optimized geometries obtained for 1-OH-S_M and TS1-OH-S_M
(see Fig. 2), it is noteworthy that the replacement of acetonitrile
(benzonitrile) by cyanamide mainly changes the bond distance
between the metal centre and the C=N nitrogen atom (Npitrile) at
both 1-OH-S_M and TS1-OH-S_M, and the distance between
Onydroxyl and the attacked nitrile carbon atom (Chjtrile) at TS1-OH-
S_M. Specifically, the Ru-Nyitrile (Os-Nhitrie) bond length enlarges
0.010 (0.011) and 0.014 (0.021) A when substituting
acetonitrile and benzonitrile by cyanamide at 1-OH-S_M,
respectively. The same bond at TS1-OH-S_M lengthens 0.014
(0.010) A and 0.019 (0.021) A, respectively. Larger
enlargements, 0.036 (0.032) A and 0.027 (0.031) A, were found
for the Chitrile**Onydroxyl distance at TS1-OH-S_M when replacing
acetonitrile and benzonitrile by cyanamide, respectively.
Therefore, the presence of the metal-bonded cyanamide leads
to the location of an earlier TS for the hydroxyl attack step and,
consequently, to a lower rate-determining Gibbs energy barrier.
In consonance with this, we have found that TS1-OH-cyan_Os,
which presents the longest Chitrile*Ohydroxyl distance (2.014 A),
determines the lowest rate-determining Gibbs energy barrier
found (27.0 kcal/mol; see Table 4).

On the other hand, a topological analysis of the electron
density within the framework of Bader’s Atoms in Molecules
(AIM) theory?® allowed us to compute the electron
delocalization indexes (DI)2* between pairs of atoms at 1-OH-
S_M and TS1-OH-S_M. The DI is a measure of the number of
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electrons shared between two atoms and therefore, of the
covalency of the bond between them. According to our results
in Table 4, the DI obtained for the Ru-Nitile bond at 1-OH-S_Ru
diminishes from 0.6921 (S = actn) and 0.7022 (S = bzn) to 0.6748
(S = cyan), which is in good agreement for the enlargement
found for such a bond distance. A similar diminution was found
for 1-OH-S_Os and TS1-OH-S_M (see Tables 4 and S4,
respectively). Analogously, the DI of the Caitrile'**Ohydroxyl
distances at TS1-OH-S_M follow the same trend. However, as
the bond between Ciitrile and Onydroxyl is Not yet formed at the TS
for the hydroxyl attack, DI(Cpitrile***Onydroxyl) Values are almost
half of DI(M-Nhitie) Ones. It is also interesting to note that a
reduction of the DI for the Chitrile-Nnitrie bond is also observed
when the coordinated acetonitrile or benzonitrile molecules are
replaced by cyanamide in both [MCI(7%-p-cymene)(PMe,OH)]*
fragments (see Table 4), despite a very small lengthening was
found for the corresponding C=N bond distances (less than
0.007 A; see Fig. 2).

It is expected that the enlargement of the M-Npitie and
Chitrile***Onydroxyl distances at TS1-OH-S_M when cyanamide is
present will lead to a more stable TS corresponding to a less
strained metallacycle. Such a five-membered ring is determined
by M (Ru or Os), P, Ohydroxyl, Cnitrile; @nd Nnitrile. As in our previous
work on classical organonitriles hydration with 1 and 2,16¢ we
estimated the area of such an incipient metallacycle at TS1-OH-
cyan_M and compared them with those found at TS1-OH-
actn_M and TS1-OH-bzn_M. The area of the metallacycle was
determined by adding the area of the triangle defined by the
atoms M (Ru or 0Os), Nnitrite, and Chitrile, plus that of the triangle
of the atoms M, Chitrite, and Onydroxyl, Plus that of the triangle of
the atoms M, Ohnydroxyi @and P (Fig. S61). We observed again that
an important rise of this area reduces the magnitude of the
Gibbs Specifically, the
acetonitrile and benzonitrile by cyanamide enlarges the size of
the metallacycle area from 5.639 and 5.649 A2 to 5.719 A2 with
the ruthenium catalyst 1 (see Table 4). This rise is even greater
for 2 and consequently the lowest rate-determining Gibbs
energy barriers were obtained for cyanamide hydration
catalyzed by the osmium complex 2 (27.0 kcal/mol), first, and
then by 1 (27.6 kcal/mol).

In spite of all that, a question still needs to be solved, why
are TS1-OH-cyan_M earlier TSs and therefore less strained than
TS1-OH-actn_M and TS1-OH-bzn_M? A natural bond order
(NBO) analysis?5 reflected no significant changes of the net
atomic charge (NAC) for M, P and Ohydroxyt When going from 1-
OH-actn_M and 1-OH-bzn_M to 1-OH-cyan_M (see Table 4). In
contrast, the negative NAC of Nyjtile at 1-OH-S_M increases 0.07
and 0.08 e when replacing acetonitrile and benzonitrile by
cyanamide, respectively, with both catalysts. An even greater
variation, but in the opposite direction to the previous one, was
observed for Cpiie. Specifically, this atom depopulates
electronically when passing from 1-OH-actn_Ru/Os, NAC(Chitrile)
=0.48/0.49 e, and 1-OH-bzn_Ru/0s, NAC(Cpitrile) = 0.47/0.48 e,
to 1-OH-cyan_Ru/Os, NAC(Chitrie) = 0.60/0.61 e. This can be
associated to the higher electronegativity of N vs C, which
causes the NH; substituent to reduce much more sharply the
electron density on Cyiwile by inductive effect. Therefore, the

energy barrier. replacement of
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presence of cyanamide instead of a classical organonitrile at the
Ru and Os complexes increases the withdrawing of electron
density from Chitrie, thus favouring the establishment of an
earlier and less unstable TS. In addition, a larger incipient
metallacycle at the TS for the nucleophilic attack, along with a
very slightly more positive NAC of Cpitrile, could explain why the
Os catalyst 2 is more effective than the Ru one 1 for cyanamide
hydration.

Experimental evidence of the formation of the metallacyclic
intermediates

To obtain some experimental evidences on the mechanism we
also studied the stoichiometric reactivity of complexes 1-2
towards dimethylcyanamide 3a. In this regard, all our efforts to
isolate the key metallacyclic intermediates by reacting 1 and 2
with variable amounts of 3a and the chloride abstractors NaSbFe
or AgSbFe in anhydrous THF failed. However, we found an
indirect proof of their formation by carrying out the same
reactions in methanol or ethanol. Thus, as shown in Scheme 4,
the treatment of the ruthenium complex 1 with an excess of 3a
(10 equiv.) in the presence of NaSbFe lead to the formation of
the cationic phosphinite complexes 5a,b, which could be
isolated in pure form in 49-59% yield.

RJ Me
-Ru
CI‘\“/‘ ~~p==Me | \\Me
| Ru 8 o
Cl OH cr / T—-Me JL
1 NaSbFg (2 equiv.) N OR . \N NH,
N ROH/rt./3h // |
_ (49-59% yield)
N—=N — 1equw)
3a
10 iv.
(10 equiv.) [R = Me (5a), Et (5b))
NaCl -
‘ Me \Me
= Ru\
CI‘/ P‘Me c paMe
H;N OR

/ —N

U~
or P‘:M
W YO ROH

N
VRN
D

Scheme 4 Synthesis of the phosphinite-ruthenium(ll) complexes 5a,b.

The same reactivity was also observed with the osmium
complex 2, although in this case the reactions were not
completely clean preventing the isolation of the corresponding
products in pure form. Given that the OH/OR exchange on the
P-donor ligand does not occur in the absence of 3a, the
formation of 5a,b can only be explained through the initial
generation of the metallacycle D, which evolves into the urea
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complex E through alcoholysis with the solvent. Final
displacement of the coordinated urea (4a was detected by NMR
on the crudes) by a second molecule of 3a leads to the isolated
complexes 5a,b.

To support the prevalence of the mechanism proposed in
Scheme 4 we theoretically investigated, on the one hand, the
formation of D and its transformation into E in methanol
solution as they are the most energy-demanding steps of the
intramolecular mechanism found for hydration of cyanamides
and classical organonitriles in water solution. On the other
hand, we also theoretically searched for a TS for the direct
OH/OMe exchange in complex [RuCl(n®-p-
cymene)(PMe,OH)(N=CNMe;)]* assisted by one external
methanol molecule in methanol solution, but without the
participation of the cyanamide. Fig. 3 collects the Gibbs energy
profile obtained for the reactivity of complex 1 towards
dimethylcyanamide (dmcyan) in methanol solution modelled by
four explicit methanol molecules together with a polarizable
continuum solvation medium characterized by the relative
dielectric permittivity of the methanol solvent (&= 32.6). More
energy details and Cartesian coordinates of the species in Fig. 3
are shown in Tables S5-S7. As happened for the 1-catalyzed
cyanamide hydration in water solution, the formation step of
the metallacyle D from complex [RuCl(n®-p-
cymene)(PMe,OH)(N=CNMe3)]* (transformation 1-OH-
dmcyan_Ru - TS1-OH-dmcyan_Ru - 2-OH-dmcyan_Ru in Fig.
3) is also once again more energy-demanding than the
metallacycle cleavage step (transformation 2-OH-dmcyan_Ru
-> TS2-OH-dmcyan_Ru - 3-OH-dmcyan_Ru in Fig. 3).
Specifically, according to our results, the formation of D (2-OH-
dmcyan_Ru in Fig. 3) implies the surmounting of a Gibbs energy
barrier of 29.5 kcal/mol, while a value of 25.3 kcal/mol is
needed for the opening of the metallacycle in D. These energy
barriers are only 1.9 and 1.0 kcal/mol larger than those found
for the 1-catalyzed hydration of cyanamide in water. Much
more interestingly, the metallacycle D is a relatively very stable
intermediate (-12.6 kcal/mol), 2.0 kcal/mol even more stable
than the analogous one for the 1-catalyzed hydration of
cyanamide in water. Therefore, once D is formed, its evolution
to E, AG* = 25.3 kcal/mol, is much more favourable than going
back to the complex [RuCl(n®-p-cymene)(PMe,OH)(N=CNMe,)]*
(1-OH-dmcyan_Ru in Fig. 3), AG* = 42.1 kcal/mol. In these
circumstances, the precipitation of NaCl along with the
formation of a very stable metallacyle intermediate seem to be
the driving forces for the plausible formation of 5ain light of the
intramolecular mechanism assuming that the release of the
urea moiety from E is not expected to compete with the
remaining steps of the
Alternatively, as commented above, we also explored the
formation of 5a via a direct OH/OMe exchange on the P-donor
ligand at the [RuCl(n®-p-cymene)(PMe,OH)(N=CNMe,)]*
complex (see Fig. S62 and Table S8). However, the Gibbs energy
barrier obtained for such an exchange (57.0 kcal/mol) is much
larger than the rate-determining one of the intramolecular

intramolecular mechanism.15b.c16

mechanism, thus indicating that this route is not competitive
with that passing through the formation of the metallacycle.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 DLPNO-CCSD(T) Gibbs energy profile obtained for the reactivity of complex
1 towards dimethylcyanamide (dmcyan) in methanol solution according to the
intramolecular mechanism.

Compounds 5a,b were fully characterized by means of
elemental analysis and IR and multinuclear NMR spectroscopy,
the data obtained being in complete agreement with the
proposed formulations (details are given in the Experimental
section). In particular, the transformation of the starting
Me,POH ligand into the corresponding phosphinite Me,POR
was evidenced in the H and 13C{IH} NMR spectra by the
appearance of characteristic signals for the OMe [y =3.73 ppm
(d, 3Jpu = 11.6 Hz); 6c = 50.4 ppm (d, 2Jcp = 10.1 Hz)] and OEt
groups [6n = 1.43 (t, 3Jun = 6.9 Hz, CH3) and 3.95-4.06 (m, CH,);
6c =16.5 (d, 3Jcp = 7.1 Hz, CH3) and 63.4 ppm (d, 2Jcp = 10.5 Hz,
CH>)]. In the spectra, the resonances associated to the C=N (ca.
6c = 124 ppm) and NMe; (x4 = 3.00 ppm and éc = 40.1 ppm)
groups of the coordinated dimethylcyanamide molecule could
also be clearly identified.

In addition, single crystals suitable for X-ray diffraction
analysis were obtained by slow diffusion of n-hexane into
saturated solutions of the complexes in tetrahydrofuran, thus
allowing to unequivocally confirm the structures proposed for
5a,b. ORTEP-type views of the ruthenium cations are shown in
Fig. 4 and selected bonding parameters collected in Table 5.

J €9

. lzjl,a = C
\p Bt
f ,.sﬁs’;lnf ~c
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! 6 “‘
o  Ra
i (/ my/ \
b //fn e e !
-
“"I‘( ”.xli.jciz
Aul, N2
7N~

Fig. 4 ORTEP views of the structures of complexes 5a (left) and 5b (right) showing
the crystallographic labelling scheme. Hydrogen atoms and SbF¢ anions have been
omitted for clarity. Thermal ellipsoids are drawn at 30% probability level.
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Table 5 Selected bond distances (A) and angles (°) for compounds 5a and 5b.

5a 5b
Bond distances
Ru-C* 1.7230(3) 1.7227(6)
Ru-Cl1 2.399(1) 2.400(2)
Ru-P1 2.305(1) 2.293(2)
Ru-N1 2.056(3) 2.060(7)
N1-C11 1.142(5) 1.14(1)
N2-C11 1.324(5) 1.31(1)
N2-C12 1.467(5) 1.45(1)
N2-C13 1.469(6) 1.46(1)
P1-01 1.602(3) 1.600(6)
01-C16 1.438(6) 1.431(1)
Bond angles

C*-Ru-P1 128.65(2) 128.36(5)
C*-Ru-Cl1 127.60(3) 128.18(6)
C*-Ru-N1 127.68(9) 128.8(2)
P1-Ru-Cl1 84.41(3) 83.11(7)
P1-Ru-N1 86.60(9) 86.4(2)
Cl1-Ru-N1 87.3(1) 86.7(2)
Ru-N1-C11 174.8(3) 173.8(7)
N1-C11-N2 176.2(4) 176.9(9)
C11-N2-C12 118.0(4) 117.4(8)
C11-N2-C13 116.6(4) 117.7(9)
C12-N2-C13 116.5(4) 117.1(9)
Ru-P1-01 115.0(1) 108.5(2)
Ru-P1-C14 116.0(2) 113.6(3)
Ru-P1-C15 115.3(1) 117.6(3)

a C* denotes the centroid of the p-cymene ring (C2, C3, C4, C5, C6 and C7).

Both complexes exhibit the expected pseudo-octahedral
three-legged piano-stool geometry, with the ruthenium atom
bound to the p-cymene ring, one chloride anion, the
phosphorus atom of the respective phosphinite ligand, and the
C=N nitrogen of one dimethylcyanamide molecule. The Ru-N1
bond lengths observed (2.056(3) and 2.060(7) A) fit well to that
described for [RuCl,(bpy)(CO)(N=CNMe,)] (2.043(3) A), which is
the only Ru(ll) complex with a coordinated dimethylcyanamide
ligand characterized by single-crystal X-ray diffraction reported
to date in the literature.2627 The N1-C11 (1.142(5) and 1.14(1)
A) and C11-N2 (1.324(5) and 1.31(1) A) distances, as well as the
Ru-N1-C11 (174.8(3) and 173.8(7)°) and N1-C11-N2 (176.2(4)
and 176.9(9)°) angles, are also very similar to those found in
[RuCly(bpy)(CO)(N=CNMe3)] (1.150(4) A, 1.308(4) A, 170.0(2)°
and 178.3(3)°, respectively), the values observed suggesting a
very small contribution of the bent resonance form G to the
bonding of the dimethylcyanamide molecule (see Fig. 5).28 On
the other hand, the P-O bond distances of 1.602(3) and 1.600(6)
A found in the structures of 5a,b are typical for phosphinite
ligands coordinated to (n®-p-cymene)-ruthenium(ll)
fragments.?®

Me Me

e

-
Me [Ru] Me
F G

ﬁ@
]
I

_ Ve
[Rul—N=C—N
N

Fig. 5 Linear F and bent G resonance forms for the Ru-coordinated cyanamide
molecule.
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Conclusions

In summary, taking advantage of the ability of the phosphinous
acid-based complexes [MCl;(n®-p-cymene)(PMe,OH)] (M = Ru
(1), Os (2)) to promote the catalytic hydration of nitriles under
mild conditions, a highly efficient and selective protocol for the
catalytic conversion of cyanamides to ureas has been
developed. To the best of our knowledge, complexes 1-2
represent the first examples of homogeneous catalysts for this
particular  transformation reported in the literature.
Remarkably, the reactivity of 1-2 toward cyanamides was found
to be superior compared to that of classical organonitriles, with
the osmium derivative 2 being in general more effective than its
ruthenium counterpart 1. According to our high-level
computational studies (DLPNO-CCSD(T)), the higher reaction
rates observed with the cyanamide substrates seems to be
associated with the electronic depopulation that the NR;
substituent induces on the nitrile carbon when coordinated to
the metal centers. This favours the intramolecular nucleophilic
attack of the OH group of the P-donor ligand to this carbon,
which is the rate-limiting step in the catalytic cycle. On the other
hand, the higher reactivity of Os vs Ru seems to be related with
the lower ring strain on the incipient metallacycle that starts to
form in the transition state associated with the just mentioned
rate-limiting step.

Experimental
General methods

Synthetic procedures were performed under argon atmosphere
using vacuum-line and standard Schlenk or sealed-tube
techniques. Organic solvents were dried by standard methods
and distilled under argon before use.3° Complexes [MCl,(n®-p-
cymene)(PMe,0OH)] (M = Ru (1),7 Os (2)¢t) were prepared
following the method reported in the literature. The
cyanamides employed in this work were obtained from
commercial suppliers and used as received, or synthesized by
reacting the corresponding amine with cyanogen bromide
following the general protocol described by Kaushik and co-
workers (details on the synthesis and characterization of the
previously unreported compounds 3h,i,r is given below).31 NMR
spectra were recorded at 25 °C on Bruker DPX-300 or AV400
instruments. 13C{!H} and 'H NMR chemical shifts were
referenced to the residual signal of deuterated solvent
employed, and the 3'P{'H} NMR ones to 85% H3PO, as external
standard. DEPT experiments have been carried out for all the
compounds reported. Infrared spectra were recorded on a
PerkinElImer 1720-XFT spectrometer. GC measurements were
made on a Hewlett Packard HP6890 apparatus (Supelco Beta-
Dex™ 120 column, 30 m length, 250 um diameter). Elemental
analyses were provided by the Analytical Service of the Instituto
de Investigaciones Quimicas (IlQ-CSIC) of Seville. HRMS data
were obtained on a QTOF Bruker Impact Il mass spectrometer
in the General Services of the University of Oviedo. For column
chromatography, Merck silica gel 60 (230-400 mesh) was
employed.
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Synthesis and characterization of cyanamides N=CNR!R? (R! =
Et, R?2 = CH,C(Me)=CH, (3h); R! = Cy, R?2 = CH,CH=CH; (3i); R =
H, R? = (R)-CHMe-4-CsHs0Me (3r))

A solution of the corresponding amine (26 mmol) in 40 mL of
diethyl ether was added dropwise to a stirred solution of
cyanogen bromide (1.377 g, 13 mmol) in 80 mL of diethyl ether,
previously cooled to 0 °C in an ice bath (CAUTION: Cyanogen
bromide is an extremely toxic chemical and should be used only
in a well-ventilated fume hood while using the appropriate
personal protective gear).3? Once the addition finished, the
reaction mixture was stirred at room temperature for 3 h and
filtered. The filtrate was then washed with water (2 x 20 mL),
dried with anhydrous MgSO,, filtered and concentrated in
vacuo to give a yellow oil, which was washed twice with hexane
(2 x 10 mL). (3h): Yield: 1.162 g (72%). IR (film): v= 2207 (s, C=N)
cm L. TH NMR (CDCl3): 6 = 5.00 and 4.98 (s, 1H each, =CH), 3.58
(s, 2H, NCH3), 3.01 (q, 2H, 3Jun = 7.2 Hz, NCH,CHs), 1.80 (s, 3H,
=CCHs), 1.28 (t, 3H, 3Jun = 7.2 Hz, NCH,CH3) ppm. 13C{*H} NMR
(CDCl3): 6 =139.0 (s, =C), 117.8 (s, C=N), 115.4 (s, =CH,), 57.8 (s,
NCH,), 45.0 (s, NCH,CHs), 19.8 (s, =CCH3), 12.7 (s, NCH,CHs)
ppm. HRMS (ESI-TOF): m/z 125.108130 [M+H*], Cs7Hi3N;
requires 125.107325. (3i): Yield: 1.815 g (85%). IR (film): v =
2203 (s, C=N) cm™. IH NMR (CDCl3): 6 = 5.91-5.78 (m, 1H, =CH),
5.30 (d, 1H, 3/uy = 17.1 Hz, =CH,), 5.28 (d, 1H, 3/yy = 10.2 Hz,
=CH,), 3.64 (d, 2H, 3Jun = 6.0 Hz, NCH,), 2.77-2.69 (m, 1H, NCH),
1.97-1.12 (m, 10H, CH,) ppm. 3C{*H} NMR (CDCls): 6 = 131.9 (s,
=C), 119.6 (s, =CH,), 116.6 (s, C=N), 58.4 (s, NCH), 52.8 (s, NCH;),
30.9 (2C), 25.1 and 25.0 (2C) (s, CH2) ppm. HRMS (ESI-TOF): m/z
187.121324 [M+Na*], CioH16N2Na requires 187.120569. (3r):
Yield: 2.016 g (88%). [a]p?° = +173.0° (¢ 1.0, CHCl3). IR (film): v =
2214 (s, C=N) cm™. *H NMR (CDCls): 6 = 7.26 and 6.90 (d, 2H
each, 3Jyy = 8.7 Hz, CHarom), 4.32-4.00 (m, 1H, NCH), 4.26 (br, 1H,
NH), 3.80 (s, 3H, OMe), 1.53 (d, 3H, 3/uy = 6.6 Hz, Me) ppm.
13C{*H} NMR (CDCls): 6 = 159.5 and 133.5 (s, Carom), 127.5 and
114.2 (s, CHarom), 115. 3 (s, C=N), 55.3 (s, OMe), 55.0 (s, NCH),
21.9 (s, Me) ppm. HRMS (ESI-TOF): m/z 199.083351 [M+Na*],
C10H12N20Na requires 199.084184.

General procedure for the catalytic hydration of cyanamides

Under argon atmosphere, the corresponding cyanamide 3a-z (1
mmol), water (3 mL) and appropriate metallic complex 1 or 2
(0.01 mmol, 1 mol%; except for 30 which required metal
loadings of 3 mol%) were introduced into a Teflon-capped
sealed tube, and the reaction mixture stirred at 40-80 °C for the
indicated time (see Table 3). The course of the reaction was
monitored by regularly taking samples of ca. 10 uL which, after
extraction with CH,Cl, (3 mL), were analysed by GC. For those
reactions catalysed by the osmium(Il) complex 2, isolation of the
urea products 4a-z was performed as follows: Once the
maximum conversion of the starting substrate was reached, the
solvent was removed under vacuum and the resulting residue
purified by flash column chromatography over silica gel, using
EtOAc as eluent. The identity of the products was confirmed by
1H and 13C{H} NMR spectroscopy (copies of the NMR spectra
have been included in the ESI file). Complete characterization
data for the previously unreported ureas 4h,i,r are as follows:
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(4h): Yellow solid. Yield: 0.118 g (83%). IR (KBr): v = 3404 (br, N-
H), 3226 (m, N-H), 1640 (s, C=0) cm-1. 1H NMR (CDsOD): 6 = 4.89
and 4.83 (s, 1H each, =CH,), 3.83 (s, 2H, NCH>), 3.27 (q, 2H, 3/u
=7.2 Hz, NCH>CHs), 1.72 (s, 3H, =CCH3), 1.37 (t, 3H, 3/ = 7.2 Hz,
NCH,CHs) ppm; NH,; protons not observed. 3C{tH} NMR
(CDsOD): 6 = 160.0 (s, C=0), 141.4 (s, =C), 110.2 (s, =CH,), 51.4
(s, NCH,), 41.0 (s, NCH,CH3), 19.6 (s, =CCH3), 11.8 (s, NCH,CHs)
ppm. HRMS (ESI-TOF): m/z 143.118826 [M+H*], Ci7H1sN,O
requires 143.117890. (4i): Yellow oil. Yield: 0.113 g (62%). IR
(film): v = 3354 (br, N-H), 3208 (m, N-H), 1651 (s, C=0) cm-L. 1H
NMR (CDsOD): 6 = 5.91-5.79 (m, 1H, =CH), 5.24-5.17 (m, 2H,
=CH,), 3.97 (br, 1H, NCH), 3.85-3.82 (m, 2H, NCH>), 1.83-1.12 (m,
10H, CH;) ppm; NH; protons not observed. 13C{IH} NMR
(CDs0D): 6 = 160.0 (s, C=0), 135.6 (s, =C), 114.7 (s, =CH,), 54.8
(s, NCH), 44.3 (s, NCH,), 30.8 (2C), 25.6 (2C) and 25.1 (s, CH,)
ppm. HRMS (ESI-TOF): m/z 205.132173 [M+Na*], C10H1sN2NaO
requires 205.131134. (4r): Yellow solid. Yield: 0.167 g (86%).
[a]p® = +52.4° (¢ 1.0, CH30H). IR (KBr): v = 3460 (br, N-H), 3287
(m, N-H), 1644 (s, C=0) cm™’. 1H NMR (CD30D): 6 = 7.24 and 6.88
(d, 2H each, 3Jun = 8.7 Hz, CHarom), 4.76 (q, 1H, 3Jun = 6.9 Hz,
NCH), 3.78 (s, 3H, OMe), 1.40 (d, 3H, 3Juy = 6.9 Hz, Me) ppm; NH
and NH; protons not observed. 13C{{H} NMR (CDsOD): 6 = 159.9
(s, C=0), 158.7 and 136.7 (s, Carom), 126.6 and 113.4 (s, CHarom),
54.3 (s, OMe), 48.7 (s, NCH), 22.0 (s, Me) ppm. HRMS (ESI-TOF):
m/z 195.112208 [M+H*], C10H15N,0; requires 195.112804.

Synthesis and characterization of complexes [RuCl(n-p-
cymene)(PMe,OR)(N=CNMe;)][SbFs] (R = Me (5a), Et (5b))

To a solution of complex [RuCly(n%-p-cymene)(PMe,OH)] (1)
(0.038 g, 0.1 mmol) in 10 mL of the corresponding alcohol were
added NaSbFg (0.052 g, 0.2 mmol) and dimethylcyanamide (80
uL, 1 mmol), and the resulting mixture stirred at room
temperature for 3 h. The solvent was then removed under
vacuum, the crude product extracted with CH,Cl, (50 mL), and
the extract filtered over Kieselguhr. Solvent removal and
washing of the resulting residue with diethyl ether (3 x 10 mL)
led to a yellow solid, which was dried in vacuo. (5a): Yield: 0.039
g (59%). IR (KBr): v = 2281 (s, C=N), 658 (s, SbFs) cm. 31P{1H}
NMR (CD,Cl,): & = 135.8 (s) ppm. 'H NMR (CD,Cl,): § = 5.79-5.73
(m, 3H, CH of cymene), 5.54 (d, 1H, 3/44 = 5.6 Hz, CH of cymene),
3.73 (d, 3H, 3Jpn = 11.6 Hz, OMe), 3.00 (s, 6H, NMe,), 2.69 (sept,
1H, 3Jyy = 5.6 Hz, CHMe,), 2.15 (s, 3H, Me), 1.94 (d, 3H, 2/py = 9.6
Hz, PMe;), 1.67 (d, 3H, Zpy = 10.0 Hz, PMe,), 1.29 and 1.27 (d,
3H each, 3Jun = 5.6 Hz, CHMe;) ppm. 13C{*H} NMR (CDCls): 6 =
123.9 (s, C=N), 111.3 and 101.1 (s, C of cymene), 91.1 and 88.3
(s, CH of cymene), 89.7 (d, ZJcp = 4.6 Hz, CH of cymene), 88.7 (d,
2Jep = 3.2 Hz, CH of cymene), 54.0 (d, ZJcp = 10.1 Hz, OMe), 40.1
(s, NMe3), 31.1 (s, CHMe,), 22.1 and 22.0 (s, CHMe,), 18.4 (s,
Me), 18.1 (d, Ycp = 35.6 Hz, PMe>), 15.2 (d, Ycp = 29.3 Hz, PMe>)
ppm. Elemental analysis calcd. (%) for C16H29FsN2CIOPRuUSb: C
28.74,H4.37, N 4.19; found: C 28.81, H 4.25, N 4.25. (5b): Yield:
0.033 g (49%). IR (KBr): v = 2284 (s, C=N), 658 (s, SbFe) cm-1.
31p{1H} NMR (CD2Cl,): & = 131.3 (s) ppm. IH NMR (CD,Cl,): & =
5.78 (s, 2H, CH of cymene), 5.72 and 5.50 (d, 1H each, 3Jun = 5.7
Hz, CH of cymene), 4.06-3.95 (m, 2H, OCH3), 3.00 (s, 6H, NMe3),
2.70 (sept, 1H, 3/un = 6.9 Hz, CHMe»), 2.15 (s, 3H, Me), 1.95 and
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1.68 (d, 3H each, ZJpy = 9.9 Hz, PMe3), 1.43 (t, 3H, 3/yy = 6.9 Hz,
OCH,CHs), 1.29 and 1.27 (d, 3H each, 3Jyn = 6.9 Hz, CHMe,) ppm.
13C{1H} NMR (CDCls): & = 123.8 (s, C=N), 111.0 and 101.6 (s, C of
cymene), 90.9, 90.1, 88.7 and 87.9 (s, CH of cymene), 63.4 (d,
2Jp = 10.5 Hz, OCH>), 40.1 (s, NMe3), 31.1 (s, CHMe,), 22.2 and
22.1 (s, CHMe>), 18.4 (s, Me), 18.3 (d, Ycp = 34.9 Hz, PMe>), 16.5
(d, 3Jcp = 7.1 Hz, OCH,CHs), 15.9 (d, Ycp = 29.3 Hz, PMe>) ppm.
Elemental analysis calcd. (%) for C17H31F6N2CIOPRuSbh: C 29.91,
H 4.58, N 4.10; found: C 30.05, H 4.64, N 4.21.

X-ray crystal structure determination of compounds 5a and 5b

Crystals suitable for X-ray diffraction analysis were obtained in
both cases by slow diffusion of n-hexane into a saturated
solution of the complex in tetrahydrofuran. The most relevant
crystal and refinement data are collected in Table 6. Data
collection was performed with a Rigaku-Oxford Diffraction
Xcalibur Onyx Nova single-crystal diffractometer using Cu-Ka
radiation (A = 1.5418 A). Images were collected at a fixed crystal-
to-detector distance of 62 mm using the oscillation method
with 1.20° oscillation and 2.5-5.5 s variable exposure time per
image for 5a, and 1.00° oscillation and 11.0-40.0 s variable
exposure time per image for 5b. Data collection strategy was
calculated with the program CrysAlisPo CCD.33 Data reduction
and cell refinement were performed with the program
CrysAlisPe RED and an empirical absorption correction was
applied using the SCALE3 ABSPACK algorithm as implemented
in the program CrysAlisP RED.33

The software package WINGX was used for space group
determination, refinement.3* The
structures were solved by Patterson interpretation and phase
expansion using SUPERFLIP.3> Isotropic least-squares
refinement on F2 using SHELXL97 was performed.3®¢ During the
final stages of the refinements, all the positional parameters

structure solution, and

and the anisotropic temperature factors of all non-H atoms
were refined. For 5a, the atoms F1 and F4 of the
hexafluoroantimonate anion were found to be disordered over
two alternative orientations. As suggested by SHELXL97, these
disordered atoms were modelled with occupancy factor of
0.5639 for the major component and isotropically refined. For
5b, three disordered atoms were found in the structure, i.e. the
F2 atom of the SbFs anion and the C9 and C10 carbons of the
isopropyl unit of the p-cymene ligand. Although SHELXL97
provides two possible sites for each one, the anisotropic motion
of the atoms on a single position leads to a better description of
this positional disorder. All H atoms were geometrically located
and their coordinates were refined riding on their parent atoms.
The function minimized was {I[w(F.2 - F2)2]/Z[w(F,2)?]}/2
where w =1/[0%(F,2) + (aP)? + bP] (a and b values are collected
in Table 6) with o(F,2) from counting statistics and P = [max (F,2,
0) +2F2]/3. Atomic scattering factors were taken from
International Tables for X-Ray Crystallography, Volume C.37
Geometrical calculations related to the centroids C* were made
with PARST.3® The crystallographic plots were made with
ORTEP.34
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Table 6 Crystal data and structure refinement for compounds 5a and 5b.@

5a 5b
Empirical formula Ci16H20FsN2CIOPRUSb  Ci7H31FsN2CIOPRuUSb
Formula weight 668.65 682.68
Temperature/K 150(2) 150(2)
Wavelength/,& 1.54184 1.54184
Crystal system Monoclinic Monoclinic
Space group P2i/n P2:/n
Crystal size/mm 0.04x0.12x0.28 0.03x0.15x0.25
a/h 11.7394(1) 8.3717(3)
b/A 14.7656(2) 21.5740(6)
c/A 14.6955(2) 14.8558(6)
a(°) 90 90
8(°) 108.172(1) 105.025(4)
y () 90 90
V4 4 4
Volume/A3 2420.26(5) 2591.39(16)
Calculated density/g cm3 1.835 1.750
u/mm- 16.067 15.020
F(000) 1312 1344
¥ range/°® 4.23-69.59 3.70-69.81
Index ranges -14<h<11 -10sh<7
-17<k<16 -15<k<26
-17<1<17 -17<1<17
Completeness to Hmax 98.4% 97.9%
Reflns. collected 12565 13035
Unique reflns. 4476 (Rint = 0.0370) 4791 (Rine = 0.0483)
Parameters/restraints 269/0 279/0
Refinement method Full-matrix least-squares on F?
Goodness-of-fit on F? 1.031 1.044
Weight function (a, b) 0.0414, 2.3912 0.0720, 16.1734
R1[I>20(/)]° 0.0323 0.0584
wRa [ > 20(1)]° 0.0782 0.1477
R: (all data) 0.0370 0.0705
R: (all data) 0.0816 0.1647
Largest diff. peak and 1.354,-0.895 2.278,-1.437
hole/e A3

°R1=3(| Fol-IFcl)/S| Fol; Rz = {SIW(Fo™-F2)’)/SIw(Fo?) 1}

Computational chemistry details

As in previous theoretical investigations on metal-catalyzed
hydration of nitriles, 6% the most relevant species involved in the
inter- and intramolecular mechanisms for the hydration of
cyanamide catalyzed by [MCl,(7%-p-cymene)(PMe,OH)] (M = Ru
(1), Os (2)) were fully optimized in water solution from the
outset at the PCM-B3LYP/6-31+G(d,p) (LANL2DZ for Ru and
0s)39-42 using a modified version of the Schlegel’s algorithm.43
The same computational level was also employed to optimize in
methanol solvent the key species of the intramolecular
mechanism proposed in Scheme 4 and the direct OH/OMe
exchange in the [RuCl(7°-p-cymene)(PMe,OH)(N=CNMe,)]*
complex for the reactivity of [RuCly(7®-p-cymene)(PMe,OH)]
towards dimethylcyanamide in alcoholic media. The nature of
the critical structures located was confirmed by means of
analytical computations of harmonic vibrational frequencies.
The connectivity between each transition state (TS) and the
corresponding stable species found was initially checked by the
normal-mode analysis of the imaginary frequency in the TS as
they are analogous to those found for the acetonitrile and
benzonitrile hydration catalyzed by 1 and 2.16? Nonetheless,
taking into account that the attacking hydroxyl oxygen atom of
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the PMe,OH ligand is quite distant (~ 3.5 A) from the attacked
C=N carbon atom in the metallacycle formation step, we
thoroughly explored the connectivities 1-OH-cyan_M —> TS1-
OH-cyan_M - 2-OH-cyan_M (M = Ru, Os) in water solution and
1-OH-dmcyan_Ru - TS1-OH-dmcyan_Ru - 2-OH-dmcyan_Ru
in methanol solution by means of intrinsic reaction coordinate
(IRC) computations with the second order Gonzalez-Schlegel
integration method.** Figs. S63-S65 show the evolution of each
TS towards the corresponding minima and confirm the
connectivities mentioned above. Gibbs free energies in solution
(G) were calculated through the ideal gas, rigid rotor, and
harmonic oscillator approximations at a pressure of 1 atm and
a temperature of 298.15 K, which are typically used for
computing gas-phase thermodynamic properties.*> This is a
standard procedure that has proven to be a correct and useful
approach.4® All these computations were performed with the
Gaussian 09 series of programs (G09).4”

To get more accurate energies (particularly energy barriers),
single-point energy calculations on the PCM-B3LYP/6-31G+(d,p)
(LANL2DZ for Ru and Os) optimized geometries were performed
using the domain localized pair natural orbital-coupled cluster
approach with single, double, and perturbative triple
excitations (DLPNO-CCSD(T)).48 The balanced Karlsruhe triple-
zeta basis set def2-TZVPP4° and the conductor-like polarizable
continuum model (CPCM)>° were used in the DLPNO-CCSD(T)
computations. All organometallic systems investigated showed
T1 diagnostic values less than 0.02,°! suggesting that a multi-
reference treatment is not necessary. In general, DLPNO-
CCSD(T) energies are more accurate than B3LYP ones using at
least a triple-zeta quality basis set.>2 For comparison purposes,
the PCM-B3LYP/6-31G+(d,p) (LANL2DZ for Ru and Os) energies
of the species involved in the [MCl;(7r%-arene)(PMe,;OH)] (M =
Ru (1), Os (2))-catalyzed hydration of acetonitrile and
benzonitrile were also refined at the CPCM-DLPNO-
CCSD(T)/def2-TZVPP level (Tables S1 and S2 in the ESI). The Rl
(resolution of the identity) approximation>3 as implemented in
the ORCA program version 4.0.15* was employed, using the
def2/JK auxiliary basis set#9255 for the Coulomb and exchange
integrals as well as the def2-TZVPP/C auxiliary basis set%¢ for the
RI-DLPNO-CCSD(T)-like part. These calculations employed the
ORCA program> and the frozen-core approximation. More
technical details on the computational chemistry tools
mentioned above as well as a justification for the choice of the
DLPNO-CCSD(T) method are included in the ESI file.

Finally, to shed light on the factors governing the kinetic
trends experimentally detected and theoretically confirmed, we
carried out different theoretical analyses on the B3LYP electron
density of some of the relevant species. Electron delocalization
indexes between two atoms A and B in a molecule, 5(A,B) = DI,2*
were computed using AIMAIl program?>’ within the framework
of Bader’s Atoms in Molecules (AIM) theory.23 The natural bond
orbital (NBO)2> method was also used in some relevant species
to obtain net natural atomic charges (NAC) as implemented in
G09.
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