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ABSTRACT: Targeting Ru(III) and Ru(I) 2- -(iPr2E)2-substituted diphenylacetylenes (1-E, E = P, As) were employed 

for the preparation of [ECCE]-coordinated Ru(II) complexes, which were examined with respect to 1e  oxidation and reduction. Starting from 

[( 6-cymene)RuCl2]2 and 1-E, ligand cyclization reactions (via attack of one iPr2E moiety at the alkyne) were observed and found to afford 

cyclic aryl ylidic mesoionic carbenes (2-E). Attempts to ring-open these complexes were unsuccessful for E = P, but found to proceed smoothly 

for E = As, which led to the isolation of cis-[AsCCAs]RuCl2(MeCN) (3-As). To also gain access to the corresponding [PCCP]-coordinated 

derivative (3-P), the reactions between 1-E (E = P, As) and cis-(MeCN)2(COD)RuCl2
  2 MeCN were examined, which led to the envisioned 

complexes 3-E for E = As and E = P. Compounds cis-[ECCE]RuCl2(MeCN) (3-E) and their carbonyl derivatives cis-[ECCE]RuCl2(CO) (5-

E) were oxidized using PhICl2, which led to an oxidative dichlorination of the alkyne in the case of 5-E. The latter dichlorination was found to 

occur trans-selective to afford complexes of the type [trans-E(Cl)C=C(Cl)E]RuCl2(CO) (6-E), while unselective oxidation processes set in 

upon treatment of 3-E with PhICl2. Although the envisioned Ru(III) complexes [ECCE]RuCl3 (7-E) were detectable for E = P and E = As, 

only the arsa-derivative 7-As was obtained in a pure form, namely via oxidation of cis-[ECCE]RuCl2(THT) (8), which is accessible for E = As 

only. Upon reduction of compounds 3-E, a hitherto unprecedented Ru(I) 2-alkyne complex, [PCCP]RuCl (9), was obtained for E = P, while 

multiple attempts to also isolate the corresponding arsa-derivative met with failure. The former square planar Ru(I) complex (9) was charac-

terized comprehensibly and examined in detail by means of DFT and CASSCF calculation. Upon treatment of 9 with TlPF6, a diamagnetic µ-

Tl-bridged compound (10  and isolated in high yields. Careful analysis of the bonding situa-

moiety in 10 is best interpreted in terms of a 3c-4e  bond.  

 

Ruthenium-catalyzed transformation of internal and terminal al-

kynes, such as hydroelementation reactions are highly valued in or-
ganic synthesis and widely applied to selectively forge new element-

carbon bonds.1 Due to the high kinetic stability of ruthenium(II) 

and its propensity to undergo 2e  redox reactions,2 it is not too sur-
prising that most ruthenium-catalyzed alkyne transformations either 

rely on redox-neutral steps in conjunction with an even-electron Ru 

catalyst or on the interplay between Ru(II) and Ru(0).3 For both the 

latter oxidation states, numerous 2-alkyne complexes have been iso-

lated and comprehensively characterized,4 which certainly added its 

share to our contemporary understanding of the aforementioned 
transformations. Along these lines, it is of fundamental interest to 

also expand our knowledge on Ru(I) and Ru(III) 2-alkyne com-

plexes and thus lay a foundation to either truly excluded or actually 
identify these species in catalysis.5 In this context, Bennett and co-

workers set out to prepare the first Ru(III) 2-alkyne complex (B) 

via 1e  oxidation of the corresponding Ru(II) derivative (A, see Fig-

ure 1).6 Interestingly, A and 

B suggested that the alkyne in B is more strongly bound than the al-

kyne in A,6 while an opposite trend has been uncovered for closely 

related Ru 2-olefine complexes.7  

Considering that no other pair of Ru(II)/Ru(III) 2-alkyne com-
plexes has been characterized crystallographically in both relevant 

oxidation states

results by using our (potentially tridentate) -diphosphinotolane 

scaffold (1-P, see Figure 1)8 for the synthesis of Ru(III) 2-alkyne 

complexes.  

Due to the presence of two phosphines in 1-P, we speculated that 

this approach may also allow for the synthesis of a hitherto unknown 

Ru(I) 2-alkyne complex. In this context, it needs to be noted that all 
the yet known mononuclear Ru(I) complexes actually contain phos-

phines,9, 10 but differ in their valence electron counts and in their ge-

ometries. While Peters and others succeeded in isolating trigonal bi-

pyramidal 17-valence-e  Ru(I) complexes,9a, c, e Grützmacher re-

ported a unique 15-valence-e  Ru(I) complex in a square planar co-

ordination environment.9d The latter 15-valence-e  Ru(I) complex 

(D) comprises two coordinated olefins and two mutually cis-posi-

tioned phosphines, while an 6-arene interaction (between the metal 

and one of the arenes in tropPPh2, see Figure 1) was found in the 

corresponding Ru(II) counterpart (C).9d Given that these stereo-
chemical peculiarities interfere with an unambiguous comparison of 

C and D, our strategy to employ a rigid tridentate scaffold (such as 

1-P) for the synthesis of mutually comparable Ru(I), Ru(II) and 
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Ru(III) 2-alkyne complexes seemed reasonable, at least at a first 

glance. 

Previous studies, however, revealed that1-P is prone to intramolec-

ular cyclization via attack of one of the phosphines at the central al-

kyne, which may result in the formation of P-ylidic species instead of 

(or in addition to) the envisioned pincer-type complexes.11 Given 

that similar cyclization reactions are commonly not encountered for 

the arsa-derivative 1-As (due to the lower thermodynamic stability 

of As-ylides),12 we decided to also include 1-As in our studies and 

thus higher the chances to indeed access [ECCE]-coordinated 

Ru(I) and Ru(III) complexes (E = P, As).  

 

Figure 1. 2-alkyne complex (top, R = Ph, SiMe3), 
2-olefin complex (middle) and our 

approach to Ru(III) and Ru(I) 2-alkyne complexes (bottom). 

As reported herein, several Ru(II) complexes of 1-E (E = P, As) had 

to be prepared at first, which turned out to be rather challenging as 

unexpected side-reactions and equilibria with ionic species had to be 
examined in detail. Once these transformations were understood, an 

[ECCE]-coordinated Ru(III) complex was isolated for E = As, but 

not for the corresponding phosphorus analog. An [ECCE]-
coordinated Ru(I) complex was obtained as well, albeit for E = P 

only. The latter 15-valence-e  Ru(I) 2-alkyne complex was found to 

react with TlPF6, which led to the formation of a trinuclear complex 
featuring a nearly linear Ru Tl Ru array. In the following, our ex-

perimental, spectroscopic and computational findings are discussed 

in detail. 

 

 

 

As mentioned above, 1-P was previously shown to cyclize and thus 
form so-called CARY-MICs (cyclic aryl ylidic mesoionic carbenes) 

with numerous transition metal precursors.11 Starting from [( 6-cy-

mene)RuCl2]2, 1-P and AgSbF6, a CARY-MIC akin to 2-P has been 
isolated earlier, albeit with a [SbF6]  counterion. Here, the corre-

sponding chloride salt (2-P, see Scheme 1) was prepared in order to 

evaluate whether 2-P is prone to ring-opening to afford a pincer-type 

Ru(II) complex along with cymene. 

Scheme 1. Synthesis of Ru(II) Complexes 2-E, 3-E and 4-E with 

E = P, As. 
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Figure 2. ORTEP plots (thermal ellipsoids set to 50% probability, co-crystallized solvents and disorder omitted for clarity) of the cation in 2-P (previ-

ously reported and shown for comparison, [SbF6]  counterion omitted), the cation in 2-As (crystallized a triflate salt after reaction with AgOTf) and 

the molecular structures of 3-P, 3-As, 4-P and 4-As. Selected bond lengths (Å) and angles (°) for 2-P: Ru P1 2.3108(5), Ru C8 2.0669(18), 

troid(cymene) 1.761913(18), C7 C8 1.387(3), P1 Ru C8 80.77(5). Selected bond lengths (Å) and angles (°) for 2-As: Ru As1 2.4076(5), Ru C8 

2.107(4), C7 C8 1.351(6), As1 Ru C8 80.49(10). Selected bond lengths (Å) and angles (°) for 3-P (for one out 

of two independent, very similar molecules in the asymmetric unit): Ru P1 2.4144(5), Ru P2 2.440(3), Ru C7 2.146(2), Ru C8 2.144(2), C7 C8 

1.251(3), P1 Ru P2 171.76(6), Cl1 Ru Cl2 93.51(2). Selected bond lengths (Å) and angles (°) for 3-As (for one out of two independent, very similar 

molecules in the asymmetric unit): Ru As1 2.4706(4), Ru As2 2.4699(4), Ru C7 2.159(3), Ru C8 2.155(3), C7 C8 1.249(5), As1 Ru As2 

173.677(16), Cl1 Ru Cl2 92.07(3). Selected bond lengths (Å) and angles (°) for 4-P: Ru1  Ru2 3.3442(4), Ru1 P1 2.2378(15), Ru1 C8 1.998(6), 

Ru2 P3 2.2444(15), Ru2 C38 1.996(6), Ru1 Cl2 2.5261(14), Ru2 Cl2 2.5182(14), P1 Ru1 Cl2 175.39(5), P3 Ru2 Cl2 176.92(5), P1 Ru1

Ru2 P3 1.77(7). Selected bond lengths (Å) and angles (°) for 4-As: Ru1 As1 2.4514(11), Ru1 As2 2.4769(11), Ru1 C7 2.133(8), Ru1 C8 

2.118(8), C7 C8 1.239(12), As1 Ru1 As2 172.74(4), Cl1 Ru1 Cl3 178.45(8), Ru2 As3 2.4836(11), Ru2 As4 2.4760(11), Ru2 C37 2.185(7), 

Ru2 C38 2.155(8), C37 C38 1.243(12), As3 Ru2 As4 174.78(4), N1 Ru2 N2 179.7(3). 

While such ring-opening reactions are known for Mo,11 a different 

reactivity was noticed when 2-P was heated or irradiated in MeCN. 

Instead of the expected complex (3-P, see Scheme 1), three very 
similar complexes were formed with each of them featuring two 

equally intense 31P{1H} NMR signals at approximately 40 and 70 

ppm.. These chemical shifts are typical for CARY-MICs,11 while the 

corresponding 1H NMR spectrum inferred that several very similar 
dinuclear species were produced. To confirm that dinuclear species 

were formed indeed, single crystals were grown from CH2Cl2/Et2O 

and subjected to X-ray diffraction, which revealed the presence of a 

µ-(Cl)3-bridged diruthenium(II) complex (4-P, see Scheme 1 and 

Figure 2).13 Upon dissolution of these crystals, however, the afore-
mentioned mixture of compounds was detected in the 31P{1H} 

NMR spectrum, suggesting that several stereoisomers of 4-P are 

present in solution (see SI for details). Given that pincer-type spe-
cies with two spectroscopically equivalent phosphines were not de-

tectable, an alternative synthetic route to 3-P was developed. Start-

ing from 1-P and cis-(MeCN)2(COD)RuCl2
  2 MeCN, the latter 

target compound (3-P) was obtained, although a minor by-product 

(3-Psalt) was generated in a ratio of 3-P:3-Psalt = 18:1. For each com-
pound, the expected singlet was detected in the 31P{1H} NMR spec-

trum at 52.1 ppm (3-P) and 54.5 ppm (3-Psalt), respectively. In the 

corresponding proton NMR spectra, a CS- and a C2v-symmetric pat-

tern was noticed and assigned to 3-P (CS-symmetry) and 3-Psalt (C2v-

symmetry). As expected for an ionic compound, 3-Psalt was found to 

be soluble in polar solvents (e.g. CH2Cl2), but nearly insoluble in 

benzene, while 3-P is freely soluble in benzene. These differences 

were then exploited to isolate 3-P in >95% purity, namely via extrac-

tion into benzene. The proposed cis-alignment of both chlorides in 

3-P was unambiguously confirmed by single X-ray diffraction (see 

Figure 2). Upon heating solutions of 3-P in MeCN, neither 3-Psalt 

nor 4-P were formed, suggesting that 3-P is kinetically stable (vide 

infra). 

To elucidate whether analogous [AsCCAs]-coordinated Ru(II) 

complexes may be prepared, [( 6-cymene)RuCl2]2 was reacted with 

1-As, which led to the formation of 2-As. This observation was actu-

ally unexpected at first given that 1-As is not susceptible to cycliza-

tion, although exceptions are known.12b Upon heating solutions of 2-

As in MeCN to 80 °C, ring-opening was observed and 3-As was gen-

erated along with 3-Assalt. To suppress the formation of the latter 

salt, 3-As was prepared in analogy to 3-P, namely via treatment of 1-

As with cis-(MeCN)2(COD)RuCl2
  2 MeCN at room temperature. 

In the latter reaction, 3-Assalt was generated in negligible amounts 

only (3-As:3-Assalt = 26:1) and easily removed via extraction of the 

target compound (3-As) into benzene. Diffusion of Et2O into solu-

tions of 3-As in CH2Cl2 led to crystalline orange plates, suited for X-

ray diffraction (see Figure 2). In contrast to 3-P, pure samples of 3-
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As were found to isomerize to equimolar mixtures of 3-As and 3-

Assalt upon heating. These equimolar mixtures were also obtained via 

treatment of 1-As with polymeric [(COD)RuCl2]x in MeCN at 

80°C, suggesting that 3-As and 3-Assalt are comparable with respect 

to their thermodynamic stabilities. In an attempt to also grow single 

crystals of 3-Assalt, a solution of 3-As in MeCN was partially isomer-

ized to 3-Assalt at 80 °C. Upon crystallization of the thus obtained 

mixture from CH2Cl2, dark green crystals were obtained and identi-

fied as 4-As (see Scheme 1) by single crystal X-ray diffraction. In the 

molecular structure of 4-As, a trans-{[AsCCAs]RuCl(MeCN)2}+ 
cation and an {[AsCCAs]RuCl3}  anion were found with each ru-

thenium in the +II oxidation state (see Figure 2). Samples of 4-As in 

CD2Cl2 were found to exhibit well-resolved 1H NMR signals for the 

cation and broad signals for the anion,  °C. Upon disso-

lution of crystalline 4-As in MeCN, a nearly equimolar mixture of 3-

Assalt and 3-As was formed, suggesting that MeCN reacts with the 

anion in 4-As to produce 3-As in addition to a chloride ion, which 

then serves as a counterion for {[AsCCAs]RuCl(MeCN)2}+ to thus 

produce 3-Assalt. Given that the latter reaction was found to occur 

instantaneously, it is inferred that 4-As is not only kinetically but also 

thermodynamic less stable (vide infra) than 3-As and 3-Assalt, at least 

in the presence of MeCN. 

To gauge the different thermodynamic stabilities of 2-E, 3-E, 3-Esalt 

4-P and 4-As, DFT-modelling 

studies were carried out on the PBE0/def2-TZVP (D3BJ, CPCM 

for MeCN)14 level of theory. For comparison, compounds 2-E were 

set to 0.0 kcal/mol and the relative Gibbs free energies of 3-E, 3-Esalt 

and 4-E were calculated taking the leaving cymene and incoming 

MeCN ligand(s) into account. As shown in Figure 3, each 3-E/3-

Esalt pair is energetically nearly degenerate, while drastic differences 
are evident upon comparison of each pair to the corresponding 

CARY-MIC complexes 2-E. For E = P, the 3-P/3-Psalt pair is only 

slightly more stable than 2-P, while a stabilization of 13.7 kcal/mol 

was calculated for 3-As relative to 2-As. This finding is in line with 

the experimental observation that 2-As may be converted to 3-As, 

which is not the case for E = P as different stereoisomers of 4-P are 

formed preferably upon heating of 2-P in MeCN. This finding is also 

reflected by our DFT analysis given that an exergonic reaction was 

calculated for the conversion of 2-P to 4-P. Along these lines, several 

stereoisomers of 4-P were examined in silico, which revealed that the 

crystallographically characterized isomer (4-P) is the most stable 

one (see SI for details).  

 

Figure 3. Comparison of the thermodynamic stabilities of 3-E, 3-Esalt 

and 4-E relative to 2-E (set to 0.0 kcal/mol) with E = P, As. The Gibbs 

free energies for each compound were computed on the PBE0/def2-
TZVP (D3BJ, CPCM for MeCN) level of theory and corrected for leav-

ing and incoming ligands (see SI for details). 

For 4-As, a different situation was encountered in our experiments 

given that 4-As was found to readily disassemble to 3-As and 3-Assalt 
upon dissolution in MeCN. This observation is in line with our DFT 

analysis, which revealed that 4-As is thermodynamically disfavored 

by approximately 3 kcal/mol relative to the most stable [AsCCAs]-

coordinated Ru(II) complex 3-As (see Figure 3). Despite the good 

agreement between the computational and experimental findings, a 

cautious note is mandatory given that our analysis refers to the ther-

modynamic stabilities only. While 4-P was found to be the thermo-
dynamically most stable ruthenium(II) complex within the series of 

P-containing complexes, 3-P and 3-Psalt seem to be kinetically stabi-

lized products, given that neither 3-P nor 3-Psalt were converted to 

4-P upon heating. Hence, the presence of at least one energetically 

high-lying transition state, which interferes with this (otherwise rea-
sonable) conversion, is suggested on basis of our experimental ob-

servations.  

With compounds 3-E (E = P, As) available, trichloro ruthenium(III) 

complexes were targeted via 1e  oxidation15 of 3-E using PhICl2 as a 
convenient synthon for chlorine gas. Monitoring the latter conver-

sions by 1H NMR spectroscopy revealed that several unidentified di-

amagnetic products were generated predominantly, although broad 

paramagnetically shifted resonances indicative of Ru(III) species 
were observed as well. While these Ru(III) species were actually 

identified (vide infra) as the desired [ECCE]RuCl3 derivatives (7-E, 

see Scheme 2), clean samples were not obtained, although numer-

ous attempts to optimize these conversions were made. Hence, we 

decided to replace the MeCN co-ligands in 3-E for CO and oxidize 
the resulting complexes in a subsequent step. While the envisioned 

carbonyl complexes 5-E were obtained without difficulties (see 

Scheme 2), no paramagnetic Ru(III) species were formed upon re-

action of 5-E with PhICl2. Instead, diamagnetic oxidation products 

were isolated in each case (E = P, As) and identified as compounds 

6-E (see Scheme 2). 

Scheme 2. Synthesis of 6-E and 7-As via Oxidation of 5-E and 8, 

respectively. 

 

In the latter reactions, the alkyne unit within each ligand backbone 

was chlorinated in a trans-selective manner, which led to the con-

sumption of one equivalent of PhICl2, while incomplete conversions 

were noticed with sub-stoichiometric amounts of PhICl2. The crys-

tallographically determined molecular structures of 5-E and 6-E 

(see SI for E = P, see Figure 4 for E = As) confirmed that the Ru-

bound chlorides in 5-E and 6-E are cis-configured in each case, while 

the carbon-bound chlorides in 6-E are trans-configured. NMR and 
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IR spectroscopic data for each complex (𝜈CO = 1948 cm 1 for 5-P, 

1943 cm 1 for 5-As, 1999 cm 1 for 6-P, 1991 cm 1 for 6-As) are in line 

with the latter structures and suggests that the extent of -backbond-

ing 4d(Ru)→ *(CO) decreases during the conversion of 5-E to 6-

E. Assuming that the different reactivities of 5-E and 3-E (upon oxi-

dation with PhICl2) are related to the different -acceptor character-

istics of the co-ligands (CO vs. MeCN), we speculated that co-lig-

ands with a further diminished -acceptor character (such as THT) 

may favor metal-centered oxidation events. Hence, attempts to re-

place the MeCN co-ligands in 3-E for THT were made, but the de-

sired THT-adduct 8 was only obtained in the case of 3-As, while nu-

merous unidentified product were generated upon treatment of 3-P 

with THT. Interestingly, 8 is also obtained starting from cis-

(THT)4RuCl2 and 1-As, while the analogous reaction once again 

failed for the phosphorus derivative 1-P.  

Starting from 8 and PhICl2, the envisioned ruthenium(III) trichlo-

ride 7-As was produced in a fairly clean reaction and isolated in the 

form of nearly black crystals in 55% yield (see Scheme 2). In the 1H 

NMR spectrum of 7-As, characteristic signals were detected at 

 which confirmed that 7-As was 

also formed upon oxidation of 3-As, albeit unselectively (vide su-

pra).16 In the X-band EPR spectrum of 7-As (r.t., 2-Me-thf), only 

one broad signal was detected at g = 2.09 (see Figure 4), which fur-
ther broadened upon cooling to 4 K (see SI for details). Despite the 

fact that the principle g-components (g1, g2, g3) were unresolved at 

4 K, the presence of a metal-centered radical is proposed due to the 
aforementioned line broadening of the signal and its significant low-

field shift relative to the g-value for a free electron (ge = 2.0023). To 

corroborate the latter proposal, spin-unrestricted DFT calculations 
were carried out at the ZORA-PBE0/def2-TZVP level of theory in-

cluding all electrons.14a, e, 17 These calculations revealed that the un-

paired electron in 7-As is mainly localized at the Ru(III) core (Mul-

liken spin population = +0.83), while delocalization to the alkyne 

moiety is of minor importance (Mulliken spin population at each al-

kyne carbon atom = +0.05). CASSCF(9,9) calculations (active 

|| ⊥ || ⊥*(alkyne) and five d-

orbitals with overall 9 e ) confirmed this interpretation and sug-

t2g-

orbitals (dxy, dxz or dyz depending on the orientation of the coordinate 

system, see SI for details). 

In comparison to the {[AsCCAs]RuCl3}  anion in 4-As 

2.133(8) and 2.118(8

been found in 7-As ≡C 

bonds are actually not 

4-As: dC≡C = 1.239(12) Å, 7-As: dC≡C = 1.265(4) Å). A nearly iden-

tical observation has been made upon comparison of A and B (cf. 

Figure 1) and it was speculated that the electron removed upon oxi-

dation originates from an antibonding Ru-alkyne HOMO in A, 

⊥(alkyne) and a filled 4d(Ru) orbital.6 An in-

spection of the HOMO in {[AsCCAs]RuCl3}  and the SOMO in 7-

As is in line with this proposal, although the oxidation is predomi-

nately metal-centered (cf. Mulliken spin population in 7-As), which 

may explain that the apparent lengthening of the C≡C bond is actu-

ally within the experimental error.  

With the second example of a comparable pair of Ru(II) and Ru(III) 
2-alkyne complexes well characterized, we turned our attention to 

the preparation of a hitherto unprecedented Ru(I) 2-alkyne deriva-

tive. In an extensive screening, compounds 3-E (E = P, As) were 

treated with different reductants (e.g. KC8 -

free reductant or Rieke-Zn). For all these reductants, a color change  

 

Figure 4. Left: ORTEP plots (thermal ellipsoids set to 50% probability, co-crystallized solvents and disorder omitted for clarity)of the molecular struc-

tures of 5-As, 6-As, 7-As and 8. Selected bond lengths (Å) and angles (°) for 5-As: Ru As1 2.4763(5), Ru As2 2.4675(4), Ru C7 2.182(3), Ru C8 

2.182(3), C7 C8 1.246(5), As1 Ru As2 171.819(17), C27A Ru Cl1A 179.46(14). Selected bond lengths (Å) and angles (°) for 6-As: Ru As1 

2.5022(8), Ru As2 2.4907(8), Ru C7 2.219(6), Ru C8 2.186(6), C7 C8 1.409(9), As1 Ru As2 170.39(3), C27 Ru Cl1 173.4(2). Selected bond 

lengths (Å) and angles (°) for 7-As: Ru As1 2.4783(3), Ru As2 2.5134(3), Ru C7 2.084(2), Ru C8 2.084(2), C7 C8 1.265(4), As1 Ru As2 

172.727(12), Cl1 Ru Cl3 177.50(2). Selected bond lengths (Å) and angles (°) for 8 (for one out of two independent, very similar molecules in the 

asymmetric unit): Ru As1 2.4773(3), Ru As2 2.4785(3), Ru C7 2.156(2), Ru C8 2.158(2), C7 C8 1.254(3), As1 Ru As2 171.883(10), S Ru

Cl1 173.577(19). Right: Isotropic X-band EPR spectrum of 7-As (r.t., 2-Me-thf, modulation frequency = 100.0 kHz, microwave power = 0.1257 mW, 

modulation amplitude = 5.0 G) together with the calculated spin densities of 7-As.  
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from red to deep green was observed and the reaction with 
s found to be fairly clean for E = P according 

to 1H NMR spectroscopy (vide infra). For E = As, however, the green 

color was only visible in the presence of excess reductant, but faded 
upon consumption or removal of the reductant. Assuming that this 

observation is related to decomposition of the reduced Ru(I) species 

in case of E = As, the focus was set on the isolation of the phosphorus 

derivative, also as all our attempts to isolate the arsa-derivative at 
lower temperatures were unsuccessful. For E = P, however, the envi-

sioned reduced Ru(I) complex (9, see Scheme 3) was readily ob-

tained in 51% yield after crystallization from Et2
 °C.  

Scheme 3. Synthesis of 9 and 10. 

 

The structure of 9 was elucidated by single crystal X-ray diffraction, 

which confirmed the presence of a square planar ruthenium(I) com-

plex (see Figure 5). The alkyne C≡C bond in 9 (1.272(7) Å) is 

slightly elongated in comparison to 3-P (1.251(3) Å), while shorter 

ances are evident in 9, suggesting that the alkyne in 9 is 

more strongly bound than the alkyne in 3-P. This observation, how-

ever, cannot be interpreted in more depth as different coordination 

polyhedra are present in 9 and 3-P (square planar vs. octahedral). In 

the 1H NMR spectrum of 9, overall seven broad signals were de-

tected and tentatively assigned to the diastereotopic iPr-methyl 

groups and the iPr-CH or aryl protons on basis of their relative inte-
grals. At room temperature, no EPR signal was detectable, but a mag-

netic moment of µeff = 1.58 µB was determined (C6D6, r.t., Evans 

method18), indicative of one unpaired electron. In frozen 2-Me-thf 

at 4 K, an axial EPR pattern was found and simulated with g1 = 2.859, 

g2 = 1.916 and g3 = 1.910 (see Figure 5). The pronounced anisotropy 

of the latter EPR signal is in line with the presence of a square planar 
complex and a metal-centered radical. To further elucidate the elec-

tronic situation in 9, multireference calculation were carried out on 

the ZORA-PBE0/def2-TZVP level of theory. 14a, e, 17 On basis of QD-

NEVPT2/CASSCF(11,9) calculations (active space: ||(alkyne), 

⊥(alkyne), ||*(alkyne), ⊥*(alkyne) and five d-orbitals with overall 

11 e ), it became clear that the SOMO is predominantly metal-cen-

tered, while CSFs (configuration state functions) resulting from -

donation ( ⊥ to dyz) and -backdonation (dxz ⊥*) were found to 

play a minor role (see SI for details). Hence, the alkyne is interpreted 

as a 2e  donor, rendering 9 a 15-valence e  species akin to Grütz-

D (cf. Figure 1). Truncation 

of the active space to solely included the d-orbitals led to a state-av-
eraged QD-NEVPT2-corrected CASSCF(7,5) solution (averaged 

over all 40 doublet and 10 quartet CSFs), which was used for a sub-

sequent AILFT (ab initio ligand field theory) analysis.19 This analy-

sis confirmed the doublet ground state of 9 with a dominating con-

tribution (86%) resulting from a (dxy)2(dxz)2(dz²)2(dyz)1(d )0 con-

figuration and a minor contribution (11%) resulting from a 

(dxy)2(dxz)2(dz²)1(dyz)2(d )0 configuration (z-axis perpendicular 

the coordination plane, see Figure 5). 

 

Figure 5. Top: ORTEP plot (thermal ellipsoids set to 50% probability) 

of the molecular structure of 9. Selected bond lengths (Å) and angles (°) 

for 9 (for one out of two independent, very similar molecules in the 

asymmetric unit: Ru P1 2.3635(13), Ru P2 2.3567(12), Ru C7 

2.038(5), Ru C8 2.039(5), C7 C8 1.272(7), P1 Ru P2 170.78(5). 

Middle: X-band EPR spectrum of 9 (4 K, 2-Me-thf, modulation fre-

quency = 100.0 kHz, microwave power = 0.6293 mW, modulation am-

plitude = 1.0 G). Bottom: AIFLT analysis for 9 (carried out on top of a 

state-averaged QD-NEVPT2-corrected CASSCF(7,5) calculation, see 

text, see SI for technical details). 

The latter ligand field splitting diagram strongly suggested that the 

coordination of axial co-ligands (to form octahedral derivatives of 9) 
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is actually impossible due to absence of an empty dz² orbital. Indeed, 
no reaction was observed with thf, MeCN or PMe3, while vast de-

composition set in immediately upon addition of CO. In an attempt 

to remove the chloride in 9 to gain access to the unoccupied d  

orbital, 9 was reacted with excess TlPF6. To our surprise, only half an 
equivalent of TlPF6 was consumed and a single diamagnetic com-

pound was generated. No precipitate of TlCl was noticed, while the 

reaction product was freely soluble in CH2Cl2, suggesting that (i) the 

chloride in 9 was still in place and that (ii) a molecular species was 

generated rather than a coordination polymer.20 In the 1H NMR 
spectrum, two sets of signals for two distinct ligands were found, 

which has been previously observed for dimers with two mutually 

twisted halves. In the 31P NMR spectrum, a septet (indicative of a 
[PF6]  counterion) was found in addition to two broad signals for 

cules of 9 dimerized via a central Tl-bridge to produce compound 10 

(see Scheme 3). To confirm this assignment, single crystals suitable 
for X-ray diffraction were grown via diffusion of pentane into a solu-

tion of 10 in CH2Cl2. In the cation of 10, two µ-Tl-bridged 

{[PCCP]RuCl} units were found to form a nearly linear Ru Tl Ru 

array (∡Ru Tl Ru = 172.732(13)°) with Ru Tl distances of 2.5634(3) 

and 2.5572(4) Å, respectively. The P Ru P vectors in each 
{[PCCP]RuCl} moiety are mutually twisted by 73.97(3)° with each 

Ru atom slightly deflected out of its [PCCP] plane towards the cen-

tral Tl atom (see Figure 6). Interestingly, structurally related com-

pounds tifs, such as [{CpRu(dppe)}2(µ-

Tl)][PF6] or [{CpRu(CO)2}2(µ-Tl)][BF4] have been reported pre-

viously.21 In the latter case, the Ru Tl Ru bonding interaction was 

examined and it was suggested that [{CpRu(CO)2}2(µ-Tl)]+ is best 

represented as Ru0 TlI Ru0  (which formally does not add up in our 

opinion). Despite the confusion regarding the formal oxidation 

states, a detailed QTAIM analysis22 for [{CpRu(CO)2}2(µ-Tl)]+ re-

bcp = 0.065 eÅ  and 2( bcp) = 0.12 

eÅ . In the case of 10,23 very similar bond critical point with similar 

values for the electron densities bcp and Laplacians of the electrons 

densities 2( bcp) were found as summarized in Figure 6. These val-

ues may either be interpreted in terms of an ionic interaction or in 

terms of a 3c-4e  bond.24 For the 3c-4e  bond in [Cl3] , for example, 

electron densities of bcp = 0.063 eÅ  and Laplacians of 2( bcp) = 

0.117 eÅ  were determined for both bond critical points.25 To eval-

uate whether our QTAIM analysis is in line with the presence of a 

3c-4e  bond in 10, the delocalization index , which is related to the 

total number of electron pairs shared between two atoms,26 was cal-
culated suggesting that overall 4 electrons are shared across the 

 

bond index (WBI) of approximately 0.4 was determined for each 

bonding electron pair delocalized over the 

gether, these findings are interpreted in terms of a typical 3c-4e  with 
2 bonding and 2 non-bonding electrons. 27 Inspection of the intrinsic 

bond orbitals (IBOs), which are exact representations of the molec-

ular Kohn-Sham wavefunctions,28 further confirmed this interpreta-
tion and suggested the presence of a bonding, a nonbonding and a 

antibonding interaction between two Ru 4dz² orbitals and one Tl 6s 

orbital (see Figure 6). The bonding (no nodal plane) and the non-
bonding orbitals (one nodal plane) were both found to be doubly 

occupied, while the anti-bonding orbital (two nodal planes) was 

found to be unoccupied. On basis of this simplified picture, a bond 

 

 

Figure 6. Top: ORTEP plot (thermal ellipsoids set to 50% probability) 

of the molecular structure of 10 (co-crystallized CH2Cl2 and positional 

CH2Cl2/[PF6]  disorder omitted for clarity). Selected bond lengths (Å) 

and angles (°) for 10: Ru1 Tl 2.5634(3), Ru2 Tl 2.5572(4), Ru1 P1 

2.3765(12), Ru1 P2 2.3799(12), Ru1 C7 2.116(4), Ru1 C8 
2.105(4), Ru2 P3 2.3879(11), Ru2 P4 2.3813(12), Ru2 C33 

2.101(4), Ru2 C34 2.098(4), C7 C8 1.264(6), C33 C34 1.261(6), 
Ru1 Tl Ru2 172.732(13), P1 Ru1 P2 164.82(4), P3 Ru2 P4 

166.17(4), . Middle: Plot of 2(r) for the 

cation in 10 along a plane containing the Tl and both Ru nuclei. Red 

contour lines indicate regions with charge depletion (2(r) > 0) and 
blue (dashed) contour lines indicate regions with charge accumulation 

(2(r) < 0). 

(bcp#1 and bcp#2) are shown as green lines and black circles, respec-
tively. Bottom: Schematic illustration of the 3c-4e  bonding situation in 

10 together with representative IBOs.  
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In summary, a variety of ruthenium(II) complexes bearing ligands 

1-E (E = P, As) have been prepared, which - inter alia - demonstrated 

that the partially cyclized complexes 2-E are prone to ring-opening 

for E = As. Given that this reaction was not observed for E = P, alter-

native synthetic routes to complexes of the type [ECCE]RuCl2(L) 

with L = MeCN (3-E) and L = CO (5-E) were developed for E = P 
and for E = As, while the closely related tetrahydrothiophene adduct 

(L = THT) was obtained for E = As (8) only. Upon oxidation of 8 

with PhICl2, [AsCCAs]RuCl3 (7-As) was obtained and shown to ex-

hibit a slightly strengthened Ru(III) alkyne interaction in compari-
son to the corresponding Ru(II) anion {[AsCCAs]RuCl3} . Reduc-

tion of 3-P led to the isolation of the first Ru(I) 2-alkyne complex 9. 

This square planar 15-valence-e  Ru(I) species was found to cleanly 

react with TlPF6 to afford a µ-Tl bridged diruthenium complex (10) 

featuring a 3c-4e  bond.  
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