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ABSTRACT 

The neutral digallene AriPr4GaGaAriPr4 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr2)2) was 

shown to react at ca. 25ºC in pentane solution with group 6 transition metal carbonyl 

complexes M(CO)6 (M = Cr, Mo, W) under UV irradiation to afford compounds of the 

general formula trans-[M(GaAriPr4)2(CO)4] in modest yields. The bis(gallanediyl) 

complexes were characterized spectroscopically and by X-ray crystallography, which 

demonstrated that they were isostructural. In each complex, the gallium atom is two-

coordinate with essentially linear geometry, which is relatively rare for gallanediyl 

substituted transition metal species. The experimental data show that the gallanediyl ligand 

:GaAriPr4 behaves as a good σ-donor but a poor π-acceptor, in agreement with prior 

theoretical analyses on related systems. In addition, the monogallanediyl complex 

Mo(GaAriPr4)(CO)5 was synthesized by reacting AriPr4GaGaAriPr4 with two equivalents of 

Mo(CO)5NMe3 in THF solution. The mechanism of the reaction between AriPr4GaGaAriPr4 

and Cr(CO)6 was probed computationally using density functional theory. The results 

suggest that the reaction proceeds via an intermediate monogallanediyl complex 

Cr(GaAriPr4)(CO)5 that can be generated via two pathways, one of which involves the 

dimeric AriPr4GaGaAriPr4, that are possibly competing. AriPr4GaGaAriPr4 was also shown to 

react readily under ambient conditions with Co2(CO)8 to give the monosubstituted dicobalt 

complex Co2(μ-GaAriPr4)(μ-CO)(CO)6 by X-ray crystallography. The :GaAriPr4 unit bridges 

the Co−Co bond unsymmetrically in the solid state. No evidence was found for 

incorporation of more than one :GaAriPr4 unit into the dicobalt complex. 
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INTRODUCTION 

Recent investigations have demonstrated the ability of digallenes to act as heavy 

element alkene analogues,1 and despite being in equilibrium with its dissociated monomer 

i.e. gallanediyl :GaAriPr4,2 they were shown to react in their dimeric digallene 

AriPr4GaGaAriPr4, form. They undergo cycloaddition with simple olefins (e.g. ethylene, 

propene, styrene, 1-hexene)3 and cyclic polyolefins (e.g. norbornadiene, cyclooctatetraene, 

cycloheptatriene and cyclopentadiene) in a manner that is directed by frontier orbital 

symmetry.4 Although the reactions of the digallene proceeded in a similar manner to their 

alkene counterparts, they reacted much more rapidly than alkenes under ambient conditions 

and without the use of transition metal catalysts. The increased reactivity is due to 

differences in the frontier orbital symmetries of the two species: the HOMO and LUMO of 

cis-digallene have the correct symmetry and shape to react with the LUMO and HOMO of 

the alkenes.1,5  

Figure 1. Resonance forms of AriPr4GaGaAriPr4 (A, B and C) in equilibrium with the 

monomeric gallanediyl (D). 

The bonding in digallenes can be thought of in terms of three primary resonance 

forms, A to C (Figure 1).6 We have shown previously, by calculation and by analysis of 

electronic spectra and melting point depression experiments, that for derivatives of the 

ligand AriPr4 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr2)2), an equilibrium exists between A and D 

in hydrocarbon solutions.2c With a sufficiently bulky ligand, however, the monomeric form 

D can be favored even in the solid state and a stable example, :GaAriPr8 (AriPr8 = C6H-2,6-

(C6H3-2,6-iPr2)2-3,5-iPr2),
 has been structurally characterized using X-ray crystallography.2 

It may also be possible to stabilize the resonance form B by addition of an appropriate 

Lewis acid, though this has yet to be proven. However, Rivard and coworkers have shown 

that heavier group 14 element analogues of ethylene related to B are isolable when 

stabilized by both a Lewis acid and a base.7 On the other hand, high-level theoretical 
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analyses have shown that even though the diradical structure C is required for an accurate 

representation of the electronic structure of digallenes, it does not seem to dictate the 

chemistry they undergo.6 

Because of the presence of the lone pair and two empty p-orbitals at gallium in the 

monomeric gallanediyl D, low-coordinate GaIR species have been considered as isolobal 

analogues of CO.8 However, unlike CO, they behave predominantly as σ-donor ligands. 

The poor π-acceptor nature of GaR has been corroborated by Frenking and coworkers with 

theoretical calculations.9 Jutzi and coworkers have previously shown that GaCp* (Cp* = 

5-pentamethylcyclopentadienyl) forms complexes with transition metal carbonyls to give 

both monosubstituted and bridged products such as Cr(GaCp*)(CO)5 (II-Cr), 

Fe(GaCp*)(CO)4, Co2(μ-GaCp*)2(CO)6 (VI-Co) and Fe2(μ-GaCp*)3(CO)6 (VII) (Figure 

2).10 The trisubstituted metal complexes fac-[M(GaCp*)3(CO)3] (III-Mo and III-W) have 

been isolated by Fischer and coworkers.11 

 

Figure 2. Some known gallanediyl complexes of group 6, 7 and 8 transition metal 

carbonyls. 

The only gallanediyl transition metal carbonyls in which gallium is two-coordinate 

have been reported by groups of Linti and Robinson: Linti and coworkers have shown that 

a 2,2,6,6-tetramethylpiperidino (tmp) stabilized Ga(I) species reacts with transition metal 

carbonyls to form complexes Cr{Ga(tmp)}(CO)5 (V) and Co2{μ-Ga(tmp)}2(CO)6 (IX),12 

whereas Robinson and coworkers synthesized Fe(GaAriPr6)(CO)4 (I) via salt metathesis 
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between Na2[Fe(CO)4] and AriPr6GaCl2 (AriPr6 = C6H3-2,6-(C6H2-2,4-6-iPr3)2).
13 Other 

published examples of mono and bis(gallanediyl) complexes include those by Jones and 

coworkers which feature bonds between gallium analogues of N-heterocyclic carbenes and 

a variety of transition metal species, including several carbonyl complexes (IV and VIII).14 

A number of gallanediyl complexes of group 10 carbonyls such as Ni4(GaAriPr4)3(CO)7, 

Ni(GaL)(CO)3 and Ni(GaL)2(CO)2 (L = HC[C(Me)N(C6H3-2,6-iPr2)]2) have also been 

reported.15  

 

Scheme 1. Reactions of AriPr4GaGaAriPr4 with transition metal carbonyl complexes to form 

1−5. 

In this contribution, we show that the low-coordinate digallene AriPr4GaGaAriPr4 

undergoes reactions with transition metal carbonyl compounds (Scheme 1). The reaction 

of the neutral group 6 metal carbonyls M(CO)6 and dimeric AriPr4GaGaAriPr4 gives 

disubstituted transition metal complexes trans-[M(GaAriPr4)2(CO)4], M = Cr (1), Mo (2) 

and W (3). Density functional theory calculations conducted for AriPr4GaGaAriPr4 and 

Cr(CO)6 indicate that this reaction most likely proceeds via the monosubstituted 

intermediate Cr(GaAriPr4)(CO)5 in which the Ga−Ga bond has been broken as a result of 

the interaction with the photochemically generated M(CO)5. This intermediate can form by 

the direct reaction of Cr(CO)5 with :GaAriPr4 or by coordination of Cr(CO)5 to 
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AriPr4GaGaAriPr4, followed by simultaneous cleavage of the Ga−Ga bond. We show here 

that the molybdenum congener Mo(GaAriPr4)(CO)5 (4) can be isolated from the reaction of 

AriPr4GaGaAriPr4
 with Mo(NMe3)(CO)5. The digallene AriPr4GaGaAriPr4 is also shown to 

react with Co2(CO)8 to form Co2(μ-GaAriPr4)(μ-CO)(CO)6 (5). 

 

RESULTS AND DISCUSSION 

 Structures. The complexes 1−3 were prepared by dissolving digallene 

AriPr4GaGaAriPr4 in pentane in a quartz Schlenk flask and adding 1 equivalent of M(CO)6, 

M = Cr, Mo, W. The solution was then irradiated with UV light for 2−24 hours, during 

which time the mixture changed from dark green to either red or yellow. Concentration and 

cooling of the solution gave X-ray quality crystals and an additional crop of crystals could 

be isolated by storing the concentrated solution at −18 °C. In all cases, the yields of the 

isolated complexes were modest. Attempts to increase the yield by using different solvents 

or prolonged reaction times were unsuccessful. This may be due to increased 

decomposition of either the digallene or the group 6 transition metal hexacarbonyls under 

prolonged exposure to UV irradiation.  

The 1H NMR spectroscopic data for 1−3 highlight the symmetric nature of the 

complexes in solution: in all cases the NMR spectra displayed signals due to only one AriPr4 

environment. The 1H NMR data of 1−3 are also almost identical between different 

complexes with only very slight chemical shift changes being observed. This is to be 

expected as all protons are significantly distant in space from the transition metal center. 

The 13C{1H} NMR chemical shift of the carbonyl signal in 1−3 moves upfield as the group 

is descended: 220.5, 211.0 and 196.2 ppm for the Cr, Mo and W complexes, respectively. 

These values show a similar trend to the 13C{1H} NMR chemical shifts of the analogous 

hexacarbonyls M(CO)6,
16 whose electronic structures have been analyzed by Ziegler and 

coworkers.17 They observed that within the group 6 triad, the chemical shift decreases as 

-donation becomes more important for the heavier congeners due to relativistic effects. 

The solid-state structures of 1−3 are illustrated in Figure 3 with selected bond 

distances and angles presented in Table 1. Each complex crystallizes in the monoclinic 
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space group C2/c. The unit cells of complexes 1−3 contain two crystallographically 

independent molecules of which only one molecule from each structure is shown in Figure 

3. In all cases the coordination sphere of the transition metal atom is six-coordinate with 

the two :GaAriPr4 ligands in axial positions. The trans-orientation of the gallanediyl ligands 

in 1−3 is consistent with the minimization of steric crowding produced by the bulky 

terphenyl substituents. The steric bulk of the flanking diisopropylphenyl rings is likely also 

the reason why the central aryl rings of the terphenyl ligands in 1−3 are not coplanar in the 

solid state but have torsion angles that vary from −34.5(1) to −36.2(4)°. However, the 

solution 1H NMR data indicates that the barrier for the rotation of the central aryl rings in 

1−3 is rather small as all AriPr4 groups were found to be equivalent on the NMR timescale. 

 

Figure 3. Thermal ellipsoid (50 %) plots of complexes 1−3 with hydrogen atoms omitted 

for clarity. Only one crystallographically independent molecule is shown. 

Compound 4 was synthesized by reacting AriPr4GaGaAriPr4 with two equivalents of 

Mo(CO)5NMe3 in THF at ca. −78ºC. Compound 4 crystallizes in the monoclinic space 

group P21/c and its molecular structure is depicted in Figure 4 and selected bond lengths 

and angles given in the figure legend and in Table 1. The unit cell contains two molecules, 

one of which has disorder in three of the four carbonyl ligands. For clarity, the molecule 

without disorder is shown in Figure 4. The C−O bond length in the carbonyl ligand trans 

to the aryl gallanediyl moiety is 2.032(2) Å [2.0270(19) Å] which is shorter than those to 
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the carbonyl atoms in the equatorial plane by ca. 0.009−0.021 Å. The -donor properties 

of the gallanediyl ligand increase the electron density on molybdenum, which enhances π-

interactions with the carbonyl trans to the gallanediyl and thereby shortens the Mo−CO 

bond length.  

Table 1. Selected Bond Distances (Å) and Angles () for Structures 1−4.a 

Compound Ga−M Ga−Cipso Ga−M−Ga Ar…Ar torsion 

1 (M = Cr) 2.3136(3) 1.978(7) 179.21(11) −34.5(1) 

2 (M = Mo) 2.4562(5) 1.977(2) 178.05(3) −36.0(1) 

3 (M = W) 2.4572(4) 1.974(3) 179.179(2) −36.2(4) 

4 (M = Mo) 2.4928(5) 1.9634(17) N/A N/A 

a Bond distances and angles are reported for only one crystallographically independent 

molecule in the unit cell. 

 

Figure 4: Thermal ellipsoid (50 %) plot of complex 4. Hydrogen atoms are omitted for 

clarity. Only one crystallographically independent molecule is shown. Selected bond 

lengths (Å) and angles (°): C(41)−Ga(2) 1.9634(17); Ga(2)−Mo(2) 2.4928(5); Mo(2)−C(36) 

2.032(2); Mo(2)−C(37) 2.044(2); Mo(2)−C(38) 2.041(2); Mo(2)−C(39) 2.047(2); 

Mo(2)−C(40) 2.053(2); C(41)−Ga(2)−Mo(2) 177.49(5); Ga(2)−Mo(2)−C(36) 177.75(6); 

Ga(2)−Mo(2)−C(37) 89.60(6); Ga(2)−Mo(2)−C(38) 88.53(5); Ga(2)−Mo(2)−C(39) 

89.85(6); Ga(2)−Mo(2)−C(40) 88.67(6). 
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Structures 1−4 are rare examples12,13 of transition metal complexes where gallium is 

two-coordinate and the first reported instances of bis(gallanediyl) complexes of group 6 

elements. The M−Ga−C units in 1−4 are nearly linear with Ga−M bond distances for 1−3 

and a Ga−Mo bond distance for 4, that are significantly shorter than the sum of the Pyykkö-

Atsumi single-bond covalent radii for the respective elements:18 Ga−Cr, 2.3136(3), 

2.3083(7) and 2.3186(7) vs. the predicted 2.46 Å for 1; Ga−Mo, 2.4562(5), 2.4544(5) and 

2.4637(5) vs. 2.62 Å for 2; and Ga−W, 2.4572(4), 2.4536(6) and 2.4623(6) vs. 2.61 Å for 

3; and 2.4928(5) and 2.5003(5) vs 2.62 Å for 4. These differences are not necessarily 

indicative of strong back-bonding interactions but can be rationalized in terms of the high 

4s character of the gallium lone pair, which significantly reduces the spatial extent of the 

donor orbital (the effective radii of Ga 4s and 4p orbitals are 1.06 and 1.40 Å, 

respectively).19 Accordingly, the calculated Wiberg bond indices for Ga−M in 1−3 span a 

narrow range from 0.78 to 0.81. The Ga−Cipso distances in 1−4 (1.9634(17)−1.978(7) Å) 

are slightly shorter than the Ga−Cipso distance in the monomer :GaAriPr8 (2.03(1) Å) and in 

the dimer AriPr4GaGaAriPr4 (2.025(3) Å).2 The shortening of the bond can be explained by 

the removal of electron density from gallium to the transition metal by -donation, which 

increases the partial positive charge on gallium and therefore the degree of Ga−C attraction. 

The IR spectra of 1−3 display a single strong CO stretching band whose frequency 

increases down the group with increasing atomic number (Cr(CO)4 1894 cm−1; Mo(CO)4 

1904 cm−1; W(CO)4 1928 cm−1). These values resemble the pattern shown by trans-

bis(phosphine) metal carbonyls, which were studied by Poilblanc and coworkers and also 

showed a single CO stretching band near this range (e.g. 1881 and 1885 cm−1 for trans-

[M{P(CH3)3}2(CO)4] (M = Cr or W)) suggesting that the gallanediyl ligand is a marginally 

better π-acceptor ligand than a trialkylphosphine.20 The CO stretching frequencies in 1−3 

are ca. 100 cm−1 lower than those of the corresponding hexacarbonyls M(CO)6, all of which 

show a single intense band near 2000 cm−1 in the gas phase. This suggests that the two 

:GaAriPr4 ligands in 1−3 engage in very weak π-back-bonding interactions, for which reason 

the d-electron flow from the central metal to the π* orbitals of the carbonyl ligands is 

increased in comparison to the corresponding hexacarbonyls. Bonding and back-bonding 

interactions in transition metal complexes with terminal group-13 diyl ligands have been 

analyzed theoretically by Uddin and Frenking.9  
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The cobalt complex 5 was synthesized in a similar manner to 1−3 but with use of 

THF as the solvent. The solid-state structure of 5 is illustrated in Figure 5 with selected 

bond distances and angles provided in the figure legend. This complex can be described as 

a derivative of the Co2(CO)8 dimer in which one of the bridging CO molecules is replaced 

with a :GaAriPr4 ligand, Co2(μ-GaAriPr4)(μ-CO)(CO)6. The remaining terminal carbonyl 

ligands are found in a slightly staggered conformation with a C(1)−Co(1)−Co(2)−C(8) 

torsional angle of 10.58°. The :GaAriPr4 unit bridges the Co−Co bond unsymmetrically, 

causing the Ga atom to be significantly closer to one of the two Co centers Ga(1)−Co(1) 

2.3891(3) Å and Ga(1)−Co(2) 2.3366(3) Å. The bridging CO ligand is also bound 

unsymmetrically (Co(1)−C(4) 1.9130(2) and Co(2)−C(4) 1.930(2) Å). The observed 

asymmetry can be attributed to the steric influence of the terphenyl ligand, which may also 

be the reason for the incorporation of only one :GaAriPr4 moiety. These results are in 

contrast to the analogous reactions carried out by Jutzi and coworkers, who found that 

GaCp* units could substitute both bridging CO groups to form a C2 symmetric complex.10 

Disubstitution was also seen by Seifert and Linti, who successfully formed 

Co2{Ga(tmp)}2(CO)6 with symmetrically bridging Ga(tmp) ligands.12 The Co−Co bond 

length in 5 (2.5802(4) Å) is elongated in comparison to that in Co2(CO)8 (2.5301(8) Å and 

2.5278(8) Å)21 and Co2(μ-GaCp*)2(CO)6 (2.3784(5)−2.3959(5) Å),10 but is shorter than 

those in Co2{Ga(tmp)}2(CO)6 (2.836(1) Å)12 and in the closely related carbene complex 

Co2(μ-GaGiso)2(CO)6 (2.7725(9) Å, Giso = [{N(Ar)}2CN(C6H11)2]
−).14a The Ga(1)−C(9) 

bond length to the ipso carbon of the terphenyl substituent is 1.9559(7) Å and is shorter 

than the Ga−C distances in 1−4 despite the increase in the gallium coordination number 

from two to three. This suggests even greater removal of charge density from gallium in 5. 
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Figure 5. Thermal ellipsoid (50 %) plot of 5 with hydrogen atoms omitted for clarity. 

Selected bond lengths (Å) and angles (°): Co(1)−Co(2) 2.5802(4); Ga(1)−Co(1) 2.3891(3); 

Ga(1)−Co(2) 2.3366(3); Ga(1)−C(9) 1.9581(17); Co(1)−C(1) 1.8115(2); Co(1)−C(2) 

1.7801(2); Co(1)−C(3) 1.8188(2); Co(1)−C(4) 1.9130(2); Co(2)−C(4) 1.9973(2); 

Co(2)−C(5) 1.8145(2); Co(2)−C(6) 1.800(2); Co(2)−C(8) 1.794(2); Co(1)−Ga(1)−C(9) 

133.68(5); Co(2)−Ga(1)−C(9) 158.82(5); Co(1)−Ga(1)−Co(2) 66.173(11).  

Spectroscopic data for 5 are also consistent with the monosubstituted bridging 

structure. The infrared spectrum of 5 shows bands in the range expected for terminal CO 

ligands, 2100−1850 cm−1. For comparison, the complex Co2(μ-GaGiso)2(CO)6 displays four 

CO stretching frequencies at 2031, 1992, 1955 and 1937 cm−1,14a whereas those of Co2(μ-

GaCp*)2(CO)6 are found at 2023, 1989, 1953, 1948 cm−1.10 A weak band at 1835 cm−1 in 

the IR spectrum of 5 is assigned as the bridging carbonyl stretch as this matches well with 

the range expected for such signals, 1850−1720 cm−1. 

Mechanistic Calculations. While it seems clear that :GaAriPr4 ligands are acting as 

Lewis basic 2-e− fragments in the isolated products 1−3, we first postulated that the 

compounds 1−3 were formed by association of one equivalent of an activated transition 

metal carbonyl (i.e. M(CO)5) to form a compound resembling a Lewis acid stabilized 

structure of type B. This proposal in which the digallene (A, B or C) rather than the 

monomeric gallanediyl (D) is the reactive species appears to be counterintuitive because 
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of steric considerations. However it has been shown that the activation barrier of the 

digallene toward olefins and hydrogen is considerably lower than that of the gallanediyl.5 

To probe which form dictates the reactivity with metal carbonyls, optimizations of possible 

intermediates in the model reaction between AriPr4GaGaAriPr4 and Cr(CO)6 were performed 

using density functional theory (DFT).  

Given the high stability of Cr(CO)6 with respect to ligand association22 and the 

spectroscopic evidence that, under photolysis in solution, the Cr(CO)5 fragment reacts 

rapidly with σ-donors prior to further CO dissociation,23 the formation of 1−3 is unlikely 

to involve intermediates in which chromium is either seven- or four-coordinate. Therefore, 

the Ga−Cr bond forming step of this reaction is likely to involve association of Cr(CO)5 

with a gallium species of the type A, B or D. Because of the very small contribution of 

diradical character (form C) to the structure of digallenes and the observation that addition 

of a Lewis acid would further stabilize resonance form B,6 the possibility for a diradical 

reaction mechanism was not considered. 

The proposed mechanisms for the Ga−Cr bond-forming step are shown in Scheme 

2. Optimization of each of the three possible intermediates immediately revealed that the 

complex B·Cr(CO)5 is not a stable minimum on the potential energy surface despite the 

minimal change in conformation required for Ga−Cr bond formation. In fact, all geometry 

optimizations of B·Cr(CO)5 resulted in barrierless cleavage of the Ga−Ga bond to form 

D·Cr(CO)5 and :GaAriPr4. This implies that the Ga−Cr bond formation takes place at the 

expense of the Ga−Ga bond and that a weakly bound B···Cr(CO)5 does not represent a 

stable (characterizable) intermediate. In contrast, the complex D·Cr(CO)5 was found to be 

stable and form readily via simultaneous optimization of the gallanediyl ligand D and 

Cr(CO)5. Its ready formation is supported by the synthesis and structure of its molybdenum 

analogue 4. 
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Scheme 2. Possible Ga−Cr bond forming steps in the reaction of Cr(CO)6 and 

AriPr4GaGaAriPr4. 

 

For both steric and electronic reasons, Cr(CO)5 was found to form a stable 

interaction that bridges both gallium atoms only when A is in a nearly planar cis-

conformation. Given the significant steric strain associated with adopting this geometry, it 

is not surprising that cis-A·Cr(CO)5 is much higher in energy than D·Cr(CO)5 + :GaAriPr4 

(156 kJ mol−1). What is unusual, however, is the significant shortening of the Ga−Ga bond 

in this species, from 2.640 Å in the optimized structure of AriPr4GaGaAriPr4 to 2.405 Å in 

cis-A·Cr(CO)5. This phenomenon contrasts with the notion of digallenes behaving as 

heavy element alkene analogues since alkene binding at transition metals is normally 

associated with lengthening of the C−C bond.  
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To rationalize the above observations, a molecular orbital (MO) analysis of the 

fragments involved in each of these species was performed. The relevant frontier orbitals 

are displayed in Figure 6. It is immediately evident that there is no symmetry allowed 

combination of frontier orbitals between trans-AriPr4GaGaAriPr4 and Cr(CO)5 that would 

result in binding of the transition metal fragment at both gallium centers. However, the 

interaction of the HOMO of cis-A and the LUMO of Cr(CO)5 is symmetry allowed, and 

the resulting HOMO of cis-A·Cr(CO)5 is the only occupied frontier orbital that has a 

significant contribution affecting the Ga−Ga bond. This readily explains the unusual 

contraction of this bond upon complexation by transition metal stabilization of a 

homoatomic group 13 π-bond, a phenomenon observed recently via the synthesis of a 

related diborene complex.24 However, the strengthening of the Ga−Ga bond as well as the 

relative thermodynamic instability of a cis-A·Cr(CO)5 species with respect to D·Cr(CO)5 

suggest that it is not a viable intermediate in the formation of 1−3. 

 

Figure 6. Frontier molecular orbitals of the proposed intermediates involved in Ga−Cr 

bond formation. For clarity, the AriPr4 unit in digallene-containing species is omitted (with 

the exception of the ipso carbon) along with the hydrogen atoms and 2,6-(C6H3-2,6-iPr2)2 

substituents of gallanediyls. Orbital symmetries have been assigned based on the symmetry 

of the respective molecule or molecular fragment. 
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The molecular orbital analysis supports the intermediacy of D·Cr(CO)5 in the 

formation of 1−3. The complex D·Cr(CO)5 is stabilized primarily by a -type interaction 

involving the HOMO of the gallanediyl and the LUMO of the Cr(CO)5 fragment, giving 

the HOMO−2 of the complex. The other occupied frontier orbitals of D·Cr(CO)5 (HOMO 

and HOMO‒1) show only very minor polarization of the chromium d-orbitals towards 

gallium, in agreement with the spectroscopic data indicating weak π-acceptor nature of the 

gallanediyl ligands also in 1−3. 

Finally, the spontaneous dissociation of :GaAriPr4 from B·Cr(CO)5 can be 

understood based on a comparison between the HOMO of trans-AriPr4GaGaAriPr4 and 

LUMO+1 of cis-AriPr4GaGaAriPr4 (Figure 6). Upon complexation by Cr(CO)5, sterics 

enforce a shift toward linear geometry for the uncomplexed, two-coordinate gallium. The 

increasing σ* character of the formerly bu-symmetric HOMO destabilizes the Ga−Ga 

interaction and results in bond cleavage. Thus, the addition of a Lewis acidic metal 

complex to AriPr4GaGaAriPr4 will likely result in the generation of a :GaAriPr4 adduct unless 

the Ga−Ga bond can be stabilized, for example, via interaction of an additional Lewis base.  

Taken together, the computational results show that the photochemical reaction of 

AriPr4GaGaAriPr4 with Cr(CO)6 most likely proceeds via an intermediate Cr(GaAriPr4)(CO)5 

complex. Since previous experiments have revealed that an equilibrium between 

monomeric :GaAriPr4 and dimeric AriPr4GaGaAriPr4 exists in solution,2 it is likely that 

Cr(CO)5 reacts competitively with both species in the initial Ga−Cr bond forming step. 

While modeling of the reaction between Cr(GaAriPr4)(CO)5 and AriPr4GaGaAriPr4 was not 

performed due to the computational cost involved, the similarity of the electronic structures 

of D·Cr(CO)5 and Cr(CO)6, and the relative simplicity of this reaction step implicate an 

analogous mechanism for the formation of the second Ga−Cr bond. Thus, photolytic 

cleavage of one CO molecule to give an intermediate D·Cr(CO)4 followed by addition of 

:GaAriPr4 (possibly competitively with the dimer AriPr4GaGaAriPr4) would yield 

disubstituted 1 (Scheme 3).  

 



  16 

 

Scheme 3. Suggested mechanism for the photochemical reaction of Cr(CO)6 and 

AriPr4GaGaAriPr4. 

 

CONCLUSIONS 

We have shown that the digallene AriPr4GaGaAriPr4 undergoes a photochemical 

reaction with activated transition metal carbonyl fragments to form complexes where two 

CO ligands are replaced by :GaAriPr4. The IR stretching frequencies of the CO ligands 

indicate that the :GaAriPr4 ligand is a good σ-donor and a poor π-acceptor. Density 

functional theory calculations show that the reaction with Cr(CO)6 likely proceeds via the 

monosubstituted Cr(GaAriPr4)(CO)5, formed when the photoactivated Cr(CO)5 fragment 

reacts competitively with the gallanediyl :GaAriPr4 and the digallene AriPr4GaGaAriPr4. The 

formation of Cr(GaAriPr4)(CO)5 is supported by the synthesis of Mo(GaAriPr4)(CO)5. The 

reactivity was also rationalized from a molecular orbital perspective, which indicated only 

a fleeting existence for adducts of AriPr4GaGaAriPr4 with Lewis acidic metal fragments in 

the absence of a Lewis base. The reactivity of the digallene AriPr4GaGaAriPr4 with transition 

metal carbonyls presents further evidence for the lability of the Ga−Ga bond. 
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EXPERIMENTAL SECTION 

General Considerations. All manipulations were performed under anaerobic and 

anhydrous conditions using Schlenk techniques and a Vacuum Atmospheres drybox. The 

digallene AriPr4GaGaAriPr4 was synthesized by a literature procedure.2c The hexacarbonyls 

M(CO)6 (M = Cr, Mo, W) and Co2(CO)8 were purchased commercially and used as 

received. Mo(CO)5NMe3 was prepared by a literature procedure.32 Solvents were dried and 

stored over sodium. Physical measurements were obtained under anaerobic and anhydrous 

conditions. 1H and 13C{1H} NMR spectra were collected on a Varian spectrometer and 

referenced to known standards. IR spectra were recorded as Nujol mulls between CsI plates 

on a Perkin-Elmer 1430 spectrometer. UV-visible spectra were recorded as dilute hexane 

or chloroform solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary 14 

UV/Vis/NIR spectrophotometer. Melting points were determined on a Meltemp II 

apparatus using glass capillaries sealed with vacuum grease and are uncorrected. 

General Synthetic Procedure for 1−3: AriPr4GaGaAriPr4 (0.10 g, 0.11 mmol) and 1 

equivalent (0.11 mmol) of M(CO)6 (M = Cr, Mo, W) were dissolved in dry, degassed 

pentane (20 mL) in a quartz Schlenk tube under N2. The solution was irradiated for 3 h 

with a Rayonet-200 photoreactor with a wavelength range of 253−570 nm at approximately 

35 W. A color change from dark green to either red or yellow was observed. As the solution 

cooled, crystals suitable for single crystal X-ray diffraction were formed on the tube walls. 

The remaining solution was decanted and concentrated under reduced pressure to ca. 5 mL 

then stored at −18°C which afforded additional crystals of trans-[M(GaAriPr4)2(CO)4].  

1: trans-[Cr(GaAriPr4)2(CO)4]: Red crystals. Yield: 26 %. m.p. 338−342°C (dec). 

λmax in hexane (ε): 243 nm (6.0 × 103 L mol−1 cm−1), 314 nm (8.6 × 102 L mol−1 cm−1), 380 

nm (1.2 × 103 L mol−1 cm−1). IR, cm−1 (Nujol mull): 2924 (w), 2854 (w), 1894 (s). 1H NMR 

(400 MHz, C6D6, 298 K): 1.03 (d, o-CH(CH3)2, 
2JHH = 6.8 Hz, 12H), 1.39 (d, o-CH(CH3)2, 

2JHH = 6.8 Hz, 12H), 2.91 (sept, o-CH(CH3)2, 
2JHH = 6.8 Hz, 4H), 6.99 (d, Ar, 4H), 7.06 (t, 

Ar, 2H), 7.24 (d, 8H), 7.38 (t, Ar, 4H). 13C{1H} NMR (C6D6, 150.6 MHz, 298 K): 23.9, 

24.8, 30.8, 106.1, 123.9, 129.6, 137.3, 144.2, 147.0, 164.2, 220.5. 
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2: trans-[Mo(GaAriPr4)2(CO)4]: Yellow crystals. Yield: 15 %. m.p. 260−262°C 

(dec). λmax in CHCl3 (ε): 360 nm (1.5 × 103 L mol−1 cm−1), 395 nm (7.5 × 102 L mol−1 cm−1). 

IR, cm−1 (Nujol mull): 2952 (w), 1904 (s). 1H NMR (400 MHz, C6D6, 298 K): 1.05 (d, o-

CH(CH3)2, 
3JHH = 6.8 Hz, 12H), 1.38 (d, o-CH(CH3)2, 

3JHH = 6.8 Hz, 12H), 2.92 (sept, o-

CH(CH3)2, 
3JHH = 6.8 Hz, 4H), 7.01 (d, Ar, 3JHH = 7.6 Hz, 4H), 7.10 (t, Ar, 3JHH = 7.6 Hz, 

2H), 7.24 (d, Ar, 3JHH = 7.6 Hz, 8H), 7.35 (t, Ar, 3JHH = 7.6 Hz, 4H). 13C{1H} NMR (C6D6, 

150.6 MHz, 298 K): 24.0, 24.9, 31.0, 124.0, 129.8, 137.2, 144.5, 147.4, 165.0, 211.1. 

3: trans-[W(GaAriPr4)2(CO)4]: Yellow crystals. Yield: 22 %. m.p. 290−295°C (dec). 

λmax in hexane (ε): 266 nm (1.9 × 104 L mol−1 cm−1), 288 nm (1.8 × 104 L mol−1 cm−1), 314 

nm (1.3 × 104 L mol−1 cm−1), 354 nm (6.1 × 103 L mol−1 cm−1). IR, cm−1 (Nujol mull): 2957 

(w), 2873 (w), 1928 (s). 1H NMR (600 MHz, C6D6, 298 K): 1.04 (d, o-CH(CH3)2, 
2JHH = 

6.8 Hz, 12H), 1.31 (d, o-CH(CH3)2, 
2JHH = 6.8 Hz, 12H), 2.83 (sept, o-CH(CH3)2, 

2JHH = 

6.8 Hz, 4H), 7.04 (d, Ar, 4H), 7.13 (t, Ar, 2H), 7.20 (d, 8H), 7.30 (t, Ar, 4H). 13C{1H} NMR 

(C6D6, 150.6 MHz, 298 K): 24.0, 24.9, 31.0, 124.3, 129.8, 130.2, 136.6, 144.8, 147.6, 

164.6, 196.2. 

4: Mo(GaAriPr4)(CO)5: To a green solution of AriPr4GaGaAriPr4 (0.440 g, 0.566 

mmol) in THF (20 mL) was added a yellow solution of Mo(CO)5NMe3 (0.333 g, 

1.133mmol) in THF (20 mL) dropwise at −78ºC. The solution faded to yellow as and the 

reaction was allowed to slowly warm to room temperature overnight. The solvent was 

removed under reduced pressure and the residue dissolved in PhMe (50 mL). The solution 

was filtered using a filter tipped cannula and concentrated to ca. 5 mL to induce 

crystallization suitable for X-Ray diffraction yielding pale yellow crystals of 4. Yield 0.240 

g, 31 %, m.p. 173ºC (dec). λmax in hexane (ε): 314 nm (9800 L mol−1 cm−1). IR, cm−1 (Nujol 

mull): 2070 (s), 1995 (s) 1H NMR (600 MHz, C6D6, 298 K): 1.00 (d, o-CH(CH3)2, 
2JHH = 

6 Hz, 12H), 1.27 (d, o-CH(CH3)2, 
2JHH = 6 Hz, 12H), 2.80 (sept, o-CH(CH3)2, 

2JHH = 6 Hz, 

4H),7.04-7.08 (m, Ar, 6H) 7.16 (d, Ar, 2JHH = 6 Hz, 2H) 7.26 (m, Ar, 3H). 13C{1H} NMR 

(150 MHz, C6D6, 298K): 23.7, 24.5, 30.5, 122.5, 123.8, 127.9, 129.7, 147.2, 200.6, 205.9. 

5: Co2(μ-GaAriPr4)(μ-CO)(CO)6: AriPr4GaGaAriPr4 (0.28 g, 0.32 mmol) and 

Co2(CO)8 (0.05 g, 0.16 mmol) were dissolved in dry, degassed THF (20 mL) in a Schlenk 

tube under N2 and stirred at room temperature for 2 h. A color change from dark green to 
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yellow was observed. The solution was concentrated under reduced pressure and stored at 

ca. −18°C for 2 days. X-ray quality crystals formed on the sides of the flask. The remaining 

solution was decanted and concentrated under reduced pressure to 5 mL then stored at ca. 

−18°C to afford additional yellow crystals of Co2(μ-GaAriPr4)(μ-CO)(CO)6. Yield: 0.04 g, 

32 %. m.p. 254°C (dec). λmax in hexane (ε): 297 nm (3.7 × 103 L mol−1 cm−1), 398 nm (2.4 

× 103 L mol−1 cm−1). IR, cm−1 (Nujol mull): 3061 (m), 2964 (w), 2047 (w), 2010 (m), 1980 

(m), 1966 (s), 1952 (s), 1927 (m), 1835 (w). 1H NMR (400 MHz, C6D6, 298 K): 0.94 (d, 

o-CH(CH3)2, 
2JHH = 4 Hz, 12H), 1.34 (d, o-CH(CH3)2, 

2JHH = 4 Hz, 12H), 2.90 (sept, o-

CH(CH3)2, 
2JHH = 4 Hz, 4H), 7.09−7.18 (m, Ar, 6H), 7.24 (m, Ar, 3H). 13C{1H} NMR (125 

MHz, C6D6, 298K): 22.6, 26.1, 30.4, 124.0, 129.2, 129.9, 138.0, 145.6, 146.8, 206.3. 

X-Ray Crystallography. Crystals of 1−5 suitable for single crystal X-ray diffraction 

studies were covered in silicone oil and attached to a glass fiber on the mounting pin on 

the goniometer. Crystallographic measurements were made by using a Bruker APEX II 

CCD diffractometer at −183°C. The crystal structures were corrected for Lorentz and 

polarization effects with SAINT25 and absorption using Blessing’s method as incorporated 

into the program SADABS.26 The SHELXTL program was used to determine the space 

groups and set up the initial files.27 The structures were determined by direct methods using 

the program XS and refined with the program XL.28 All non-hydrogen atoms were resolved 

anisotropically. Hydrogen atoms were placed in idealized positions throughout the 

refinement process. 

 Computational Details. Optimized geometries and vibrational frequencies were 

calculated with the Gaussian09 program29 using spin-restricted density functional theory 

and the PBE0 hybrid functional.30 Alrichs’ triple-ζ quality basis sets (def-TZVP) were used 

for all atoms.31 Frequency calculations were performed on the located stationary points 

associated with reaction intermediates in order to verify that they represented true minima 

on the potential energy surface. 
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