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A series of allyl modified nickelalactone derivatives of the general formula 

[(L)nNi{CH2C(CH3)C(CH3)CH2COO}] was synthesized via ligand exchange reactions in order to 

investigate the influence of the neutral ligand L on structure and stability of these complexes. While the 

square planar 1,8-diazabicyclo[5,4,0]undec-7-ene ligated derivative 1 is stable in solid state and solution 

at ambient temperature, the use of the chelating ligands 6-diphenylphosphino-1,8-10 

diazabicyclo[5.4.0]undec-7-ene, 1,1-bis(dicyclohexylphosphino)methane and 1,2-

bis(dicyclohexylphosphino)ethane (dcpe) led to square pyramidal derivatives 2, 4, and 5 with a novel 

ligand arrangement. In solution, these derivatives are fluxional and show increasing tendencies in the 

order 2<4<5 to decouple the nickelalactone moiety to 2,3-dimethylbutadiene (dmbd), CO2 and zero-

valent nickel complexes. During the investigation of 5, the tetrahedral complex [(dcpe)2Ni] (6) and the 15 

trigonal planar derivative [(dcpe)Ni(dmbd)] (7) were observed as predominant decomposition products. 

In case of the application of 1,1-bis(diphenylphosphino)methane as neutral ligand, a dinuclear 

nickelalactone species [(µ-dppm)(Ni{CH2C(CH3)C(CH3)CH2COO})2] (3) was isolated in which the two 

nickel atoms realize different coordination geometries (SP-4 and SPY-5) in solid state. The complexes 

were characterized by NMR techniques, single crystal X-ray diffraction measurements and infrared 20 

spectroscopy. 

Introduction 

Metal mediated reactions of unsaturated hydrocarbons and CO2 
offer a straightforward strategy to use CO2 as a cheap and 
nontoxic carbon source in organic synthesis.1 In this context, the 25 

palladium catalyzed co-oligomerization of 1,3-butadiene and 
carbon dioxide to 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-
one, as one of the few examples of an selective and atom-
economic catalysis in which carbon dioxide is utilized as such a 
C1 building block under C–C carbon bond formation, might 30 

considered a chemist’s dream reaction.2 Consequently, this 
system has received considerable interest over decades,2,3 
although the reaction seems unfortunately limited to 1,3-
butadiene as substrate. In contrast, CO2 fixation via coupling with 
other 1,3-dienes is possible in presence of low-valent nickel 35 

complexes.4 Although the latter reaction is not a catalytic 
transformation, the isolable products, allyl modified 
nickelalactones, are interesting synthons for the synthesis of a 
number of carboxylic acid derivatives in subsequent reactions.5 
Depending on the neutral ligand present, allyl modified 40 

nickelalactones with square planar (SP-4, type A, chart 1) 6 or 
square pyramidal (SPY-5, type C)4b,7 coordination sphere were 
isolated, while related derivatives which are formally derived by 
coupling of simple alkenes7,8 and alkynes7,8a,9 exclusively show 
square planar geometries. In this type of reaction, the formation  45 

 
Chart 1  Known structural SP-4 and SPY-5 isomers of nickelalactones 

with allyl subunit. 

of penta-coordinated nickel derivatives seems unique to 1,3-diene 
substrates in presence of chelating ligands. So far, only two 50 

structurally characterized derivatives are known, containing the 
nitrogen donor ligands 2,2’-bipyridine (bipy) 7 and N,N,N’,N’-
tetramethylethylenediamine (tmeda)4b. In contrast, the utilization 
of the chelating ligand 2-[(diisopropylphosphino)methyl]pyridine 
led to a rearrangement from a π-allyl to a σ-allyl structure and 55 

consequently to a square planar complex (type B, chart 1)10 while 
the introduction of 1,2-bis(diphenylphosphino)ethane (dppe) 
resulted in decomposition of the nickelalactone.6a 

Obviously the nature of the neutral ligand strongly affects the 
structure, stability and reactivity of allyl modified nickelalactones 60 

but due to the limited data available the ligand influence is not 
fully understood. Since such information is crucial for the 
development of further applications of allyl-modified  
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Scheme 1  Routes to nickelalactones with allyl subunit. 

nickelalactones in organic synthesis, the effect of a series of 
neutral ligands, including 1,8-diazabicyclo[5,4,0]undec-7-ene 
(dbu) and 1,2-bis(dicyclohexylphosphino)ethane (dcpe) as two 5 

ligands previously used to achieve the oxidative coupling of 
substituted 1,3-dienes and CO2 at the zero-valent nickel center, 
was investigated.4c,5d 

Results and Discussion 

Different strategies for the synthesis of allyl modified 10 

nickelalactones of the formal composition 
[(L)nNi(RCHCR’CR’’CH2COO)] have been reported (see 
scheme 1). Beside the above mentioned route via oxidative 
coupling of 1,3-dienes and CO2 in presence of the desired ligand 
L at the zero-valent nickel center, the reaction of a 2,4-15 

dienecarboxylic acid with appropriate nickel(0) complexes is an 
alternative pathway at least in presence of some selected neutral 
ligands.6b Additionally, ligand exchange reactions offer a third 
strategy with tmeda ligated complexes as suitable starting 
materials.6a,7,11 Its simplicity makes this last route very appealing 20 

for the study of the effect of different neutral ligands. Since most 
of the structurally characterized derivatives are formally derived 
from 2,3-dimethyl-1,3-butadiene (dmbd), the well-known 
complex [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}]4a-b was 
prepared via route I (see scheme 1) and used as staring material in 25 

subsequent ligand exchange reactions (route III) to allow a simple 
comparison to known derivatives. In an initial investigation the 
bicyclic amidine dbu was employed for the ligand exchange. Two 
equivalents of this base, which normally acts as a monodentate 
ligand, were used for this purpose per nickel centre, since this 30 

stoichiometry was found in related dbu-ligated 
nickelalactones8a,9d derived by nickel mediated coupling of 
alkenes or alkynes and CO2 and was also used in the in situ 
generation of diene derived derivatives via route I.5d However, 
the isolated product [(dbu)Ni{CH2C(CH3)C(CH3)CH2COO}] (1) 35 

contained only one equivalent of the ligand and underlined that a 
further uptake of neutral ligands which might lead to penta-
coordination at nickel is unfavorable under the applied 
conditions.  

In the 1H NMR spectrum of 1, two signals each were observed 40 

for the CH2 group of the allyl subunit (δH = 1.34 and 1.99) and 
the neighboring diastereotopic CH2 group (δH = 2.42 and 3.01) in 
addition to the expected eight signals of the CH2 groups of the 
dbu ligand. The two singlets of the methyl groups at δH = 0.92 

and 2.12 complete the spectrum. In the 13C{1H} spectrum, the 45 

allyl group shows resonances typical for a unsymmetrical η3-
coordination mode at δC = 41.1, 73.8 and 111.8 (see ESI, fig. S1).  

A π-allyl structure was also confirmed in solid state by X-ray 
diffraction experiments (see fig. 1). While the application of 
chelating nitrogen donor ligands such as tmeda and bipy resulted 50 

in derivatives with a more or less distorted square pyramidal 
coordination sphere around the nickel center,4b,7 compound 1, as 
the first structurally characterized complex of this type with an 
monodentate nitrogen donor ligand, contains the divalent nickel 
cation in a distorted square planar environment formed by the 55 

nitrogen atom N1 of dbu, the carboxylic oxygen atom O1 and the 
carbon atoms C3 and C5 of the π-allyl group. A trans-
arrangement of N1 and C3 is observed while O1 is positioned 
trans relative to C5. The CH2COO group as the substituent with 
the highest priority attached to the allyl group shows a syn 60 

orientation, while the  

 
Fig. 1  Molecular structure and numbering scheme of 

[(dbu)Ni{CH2C(CH3)C(CH3)CH2COO}]·0.5 C6H6 (1). The ellipsoids 
represent a probability of 40 %. H atoms and co-crystallized benzene are 65 

omitted for clarity. Selected bond lengths (Å): Ni1–C3 2.003(7), Ni1–C4 
1.961(7), Ni1–C5 1.992(7), Ni1–O1 1.935(5), Ni1–N1 1.944(5), O1–C1 
1.282(8), O2–C1 1.229(8), C1–C2 1.539(10), C2–C3 1.536(11), C3–C4 

1.400(11), C3–C6 1.518(10), C4–C5 1.430(12), C4–C7 1.537(12); angles 
(deg.): N1–Ni1–O1 99.4(2), N1–Ni1–C3 161.1(3), N1–Ni1–C4 143.1(3), 70 

N1–Ni1–C5 102.5(3), O1–Ni1–C3 84.9(3), O1–Ni1–C4 116.5(3), O1–
Ni1–C5 158.0(3), C3–Ni1–C4 41.3(3), C3–Ni1–C5 73.7(3), C4–Ni1–C5 

42.4(3), C3-C4–C5 115.8(7). 
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Fig. 2  Molecular structure and numbering scheme of 

[(dbuP)Ni{CH2C(CH3)C(CH3)CH2COO}] (2a). The ellipsoids represent a 
probability of 40 %. H atoms are omitted for clarity. Selected bond 5 

lengths (Å): Ni1–C3 2.215(5), Ni1–C4 2.031(5), Ni1–C5 1.991(5), Ni1–
O1 2.106(3), Ni1–P1 2.0968(12), Ni1–N1 1.977(4), O1–C1 1.266(5), 

O2–C1 1.248(5), C1–C2 1.532(7), C2–C3 1.527(7), C3–C4 1.377(7), C3–
C6 1.526(8), C4–C5 1.441(7), C4–C7 1.507(7); angles (deg.): P1–Ni1–

N1 84.27(11), P1–Ni1–O1 122.47(10), P1–Ni1–C3 151.78(14), P1–Ni1–10 

C4 115.58(15), P1–Ni1–C5 94.28(16), N1–Ni1–O1 92.90(14), N1–Ni1–
C3 107.25(19), N1–Ni1–C4 129.19(19), N1–Ni1–C5 168.7(2), O1–Ni1–
C3 84.41(16), O1–Ni1–C4 110.14(17), O1–Ni1–C5 97.29(18), C3–Ni1–

C4 37.5(2), C3–Ni1–C5 69.3(2), C4–Ni1–C5 42.0(2), C3–C4–C5 
116.7(5). 15 

methyl group at C3 is consequently found in anti position. 
Similar arrangements were found for related derivatives 
containing the monodentate phosphanes Ph3P, Cy3P

6a or the N-
heterocyclic carbene 1,3-dimesitylimidazol-2-ylidene (IMes)6c as 
neutral ligands (see table 1). As judged by comparison of the 20 

NMR data (see ESI, table S1), the structurally not characterized 
pyridine complex [(py)Ni{CH2C(CH3)C(CH3)CH2COO}]7 has a 
comparable structure, too.  
As mentioned above, complexes such as 1 show little tendency to 
take up an additional monodentate neutral donor ligand. 25 

Therefore, the employment of chelating ligands is necessary to 
study the effect of an enhancement of the coordination number at 
nickel. In order to elucidate how the enforced introduction of 

such a second neutral donor alters the structure and reactivity of 
the resulting nickelalactone, ligands with two different donor 30 

atoms seemed preferable, since they might allow additional 
conclusions about preferred donor atoms and arrangements at the 
nickel center. The selection of a ligand with a P,N donor set was 
obvious, not only because of the overwhelming number of known 
nickelalactones containing ligands with at least one of these two 35 

donor atoms, but also because ligands with this donor set are 
known to trigger subsequent reactions like π-σ rearrangements10 
or even initiate cascade reactions12 in related complexes. 
Application of the dbu-derived racemic chelating ligand 6-
diphenylphosphino-1,8-diazabicyclo[5.4.0]undec-7-ene (dbuP), 40 

recently developed by Braunstein and co-workers,13 in a ligand 
exchange reaction additionally ensured a high degree of 
comparability to complex 1. The isolated red product of this 
reaction is sparingly soluble in THF, toluene and benzene, but the 
addition of small amounts of methanol enhanced its solubility and 45 

allowed recrystallization of the product from toluene. Subsequent 
removal of methanol induced crystallization and resulted in red 
crystals of [(dbuP)Ni{CH2C(CH3)C(CH3)CH2COO}] (2) as 
judged by single crystal X-ray diffraction experiments and 
elemental analysis. The solid state structure of a racemic crystal 50 

containing the enantiomeric pair 2a/2a’ (see chart 2) was 
determined and the molecular structure of 2a is depicted in figure 
2.  
 
 55 

 
Chart 2  Two enantiomeric pairs of 2 forming diastereomers.

Table 1  Comparison of selected structural parameters of the nickelalactone moieties of [(L)Ni{C5H2C
4(CH3)C

3(CH3)C
2H2C

1OO}]. 

L Coordination Bond lengths [Å] Ref. 
 geometry Ni–C3 Ni–C4 Ni–C5 Ni–O C3–C4 C4–C5  

tmeda SPY-5 1.978(10) 1.940(9) 2.018(12) 1.966(6) 1.41(1) 1.44(1) [4b] 
bipy SPY-5 1.955(6) 1.915(6) 2.003(7) 1.971(4) 1.383(9) 1.458(10) [7] 
dbu SP-4 2.003(7) 1.961(7) 1.992(7) 1.935(5) 1.400(11) 1.430(12) – 

IMesa) SP-4 2.045(6) 1.948(6) 1.981(5) 1.917(3) 1.465(8) 1.492(7) [6c] 
Ph3P SP-4 2.012(5) 1.970(6) 2.010(6) 1.898(3) 1.323(9) 1.436(9) [6a] 

Cy3P SP-4 2.025(3) 1.968(3) 1.994(3) 1.889(2) 1.401(4) 1.412(5) [6a] 
dbuP SPY-5 2.215(5) 2.031(5) 1.991(5) 2.106(3) 1.377(7) 1.441(7) – 

dcpmb) SPY-5 2.096(6) 2.001(5) 2.099(8) 2.114(4) 1.360(7) 1.460(9) – 
dppmc) SP-4/ 

SPY-5 
2.008(8)/ 
2.020(8) 

1.983(8)/ 
1.953(8) 

1.999(9)/ 
2.004(8) 

1.919(6)/ 
1.927(6) 

1.416(13)/ 
1.424(12) 

1.400(13)/ 
1.405(12) 

– 

a) Data suffers from a disorder of the allyl subunit. b) Data suffers from a positional disorder of the nickel atom. The data related to the dominantly occupied 
position is listed. c) The dinuclear compound 3 contains a bridging dppm ligand. 60 
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In compound 2a, the central nickel atom is penta-coordinated 
(assuming that the allyl ligand occupies two coordination sites). 
The coordination sphere is formed by the oxygen atom of the 
carboxylate function, the nitrogen and phosphorus donor atom of 
the dbuP ligand and the carbon atoms C3 and C5 of the allyl 5 

subunit. The angular parameter τ,14 derived from the two largest 
angles α and β observed around nickel (N1–Ni–C5 168.7 ° and 
P1–Ni–C3 151.8 °), was calculated [τ = (α – β)/60 °] in order to 
distinguish between a square pyramidal (SPY-5; τ = 0) and a 
trigonal bipyramidal (TBPY-5; τ = 1) ligand arrangement. The 10 

observed value of 0.28 allows a description of 2a as a distorted 
square pyramidal complex. However, the ligand arrangement in 
2a is strikingly different from the one observed in the closely 
related tmeda and bipy ligated complexes.4b,7 While the chelating 
nitrogen donor ligands adopt one basal and the apical position of 15 

the pyramid, the dbuP ligand blocks two basal coordination sites. 
The apical position is taken by the oxygen atom O1 of the 
carboxylate group. The resulting distance Ni1–O1 of 2.106(3) Å 
is longer than observed in related derivatives with deviating 
geometry (see table 1). In contrast to compound 1, the nitrogen 20 

donor atom is now found in trans position to the carbon atom C5. 
Within the nickelalactone, the orientation of the substituents of 
the allyl subunit changed and an anti alignment of the CH2COO 
group is now observed. The finding indicates that a π-σ-π 
rearrangement of the allyl group is part of the occurring 25 

rearrangement induced by the ligand exchange.  
While the crystalline appearance, the elemental analysis and 

the observation of a single absorption for the asymmetric 
stretching mode of the carboxylate group at 1579 cm–1 in the 
infrared spectrum of solid 2 suggest a uniform compound in solid 30 

state, the 31P NMR data of a crystalline sample of 2 in a mixture 
of C6D6 and CD3OD clearly indicates that a mixture of substances 
is present in solution. Beside a rather sharp singlet at δP = 40.7 as 
the dominating signal of the spectrum, another small singlet was 
observed at δP = 41.0 and tentatively assigned to another 35 

diastereomer of 2 (see chart 2).  
Additionally, very broad signals at δP = 25.7, 38.3 and 44.0 are 

also present. Two possible explanations for this observation are 
(i) the formation of different species in equilibrium in solution 
from a uniform crystalline batch due to the well-known 40 

fluxionality of penta-coordinated species and/or a π-σ (and 
reverse) rearrangement of the allyl group or (ii) the formation of 
different aggregates in solution due to hydrogen bond formation 
between the nickelalactones and CD3OD.15 Although we tend to 
option (i), we were not able to clearly rule one of them out as the 45 

absence of methanol makes compound 2 insoluble in commonly 
used solvents such as toluene, benzene or THF. The utilization of 
more polar solvents like CD2Cl2 enhanced the solubility of 2 but 
led to its subsequent decomposition in solution. Additionally, 
temperature dependent NMR measurements were performed to 50 

gain further information about the system but were 
uninformative. Nevertheless, the dominant species present in 
solution clearly is a nickelalactone with typical signals in the 13C 
NMR spectrum (see ESI, table S1). 

In order to evaluate if such fluxional behavior in solution is 55 

typical for the penta-coordinated compounds under investigation, 
we additionally included chelating phosphane ligands in 
subsequent experiments, although the widely used  

 
Fig. 3  Molecular structure and numbering scheme of 60 

[(µ-dppm-1κP;2κP')Ni2{CH2C(CH3)C(CH3)CH2COO-
1κ3C;1:2κO}{CH2C(CH3)C(CH3)CH2COO-2κ3C;2κO}] Et2O (3). The 

ellipsoids represent a probability of 40 %. H atoms and the co-crystallized 
diethyl ether are omitted for clarity. Selected bond lengths (Å): Ni1–C3 
2.008(8), Ni1–C4 1.983(8), Ni1–C5 1.999(9), Ni1–O1 1.919(6), Ni1–P1 65 

2.212(2), O1–C1 1.319(10), O2–C1 1.228(11), C1–C2 1.522(12), C2–C3 
1.522(13), C3–C4 1.416(13), C3–C6 1.512(14), C4–C5 1.400(13), C4–C7 

1.518(14), Ni2–C10 2.020(8), Ni2–C11 1.953(8), Ni2–C12 2.004(8), 
Ni2–O1 2.372(6), Ni2–O3 1.927(6), Ni2–P2 2.205(2), O3–C8 1.303(10), 

O4–C8 1.231(10), C8–C9 1.521(11), C9–C10 1.541(12), C10–C11 70 

1.424(12), C10–C13 1.505(13), C11–C12 1.405(12), C11–C14 1.517(13); 
angles (deg.): P1–Ni1–O1 107.53(18), P1–Ni1–C3 168.6(3), P1–Ni1–C4 
128.0(3), P1–Ni1–C5 95.6(3), O1–Ni1–C3 83.8(3), O1–Ni1–C4 119.1(3), 
O1–Ni1–C5 156.8(3), C3–Ni1–C4 41.6(4), C3–Ni1–C5 73.0(4), C4–Ni1–

C5 41.2(4), C3–C4–C5 115.7(9), P2–Ni2–O1 88.84(15), P2–Ni2–O3 75 

97.33(18), P2–Ni2–C10 162.7(3), P2–Ni2–C11 123.5(3), P2–Ni2–C12 
100.5(3), O1–Ni2–O3 87.8(2), O1–Ni2–C10 108.4(3), O1–Ni2–C11 
133.1(3), O1–Ni2–C12 105.8(3), O3–Ni2–C10 85.7(3), O3–Ni2–C11 

116.5(3), O3–Ni2–C12 157.7(3), C10–Ni2–C11 42.0(4), C10–Ni2–C12 
73.3(4), C11–Ni2–C12 41.6(4), C10–C11–C12 116.3(8).   80 

1,2-bis(diphenylphosphino)ethane (dppe) was reported to trigger 
the decomposition of allyl modified nickelalactones and led to 
formation of [Ni(dppe)2].

6a A chelating phosphane ligand which 
is known to result in unique reactivity and structures8c,16e when 
introduced as neutral ligand in nickelalactones and therefore 85 

might spare the nickelalactone under investigation the fate of the 
dppe ligated derivative, is the closely related 
1,1-bis(diphenylphosphino)methane (dppm). 

Initial experiments performed with equimolar amounts of 
dppm and [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] led to 90 

complicated product mixtures from which considerable amounts 
of dppm were regained even after complete removal of the 
liberated tmeda ligand from the system. The reason therefore was 
sought in the weak chelating ability of dppm due to the almost 
parallel alignment of the lone pairs of the two phosphorus atoms 95 

which often leads to bridging or even monodentate coordination 
modes of dppm in related zero-valent and divalent nickel 
compounds.8c,16 When dppm was consequently considered as an 
assembly of two independent monodentate phosphanes rather 
than a chelating ligand and consequently a stoichiometry of 0.5 100 
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dppm per nickel center was applied, an orange colored solid was 
obtained. This solid consisted mainly of 
[(µ-dppm)(Ni{CH2C(CH3)C(CH3)CH2COO})2] (3). A few well-
shaped crystals of 3 were obtained of the ethereal mother liquor 
of the reaction at -20 °C. The molecular structure of 3·Et2O is 5 

depicted in figure 3 along with selected bond lengths and angles 
of the molecule. 

In 3, two crystallographically independent nickel atoms Ni1 
and Ni2 were observed, both incorporated in nickelalactone 
moieties in which the CH2COO groups occupy the syn positions 10 

at the allylic carbon atoms C3 and C10, respectively. While the 
nickel atom Ni1 is found in a square planar coordination 
environment closely related to the situation in 1 and known 
derivatives containing monodentate phosphane ligands, the 
coordination number of Ni2 is enhanced to five and a square 15 

pyramidal coordination sphere is formed due to an additional 
contact between this nickel center and the endocyclic oxygen 
atom of the carboxylate moiety of the neighboring nickelalactone. 
The additional oxygen donor occupies the apical position of the 
resulting pyramid. The extremely long nickel oxygen bond Ni2–20 

O1 of 2.372(6) Å points to a rather weak interaction. Similarly, 
the bonding of the tmeda ligand in 
[(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] is strongly 
asymmetric with a much longer bond between the nickel center 
and the nitrogen atom in apical position [Ni–N2 2.314(8) Å] than 25 

in basal position [Ni–N1 2.064(7) Å].4b 
Although the formation of oligomeric nickelalactones via 

bridging carboxylate groups is not without precedence and for 
instance derivatives of the general formula 
[(L)Ni(CH2CH2COO)]n (n = 2,4,6) with monodentate 30 

phosphane17 and N-heterocyclic carbene donor ligands6c L are 
known, these derivatives usually contain the nickel cation in 
square planar coordination sphere. To the best of our knowledge, 
the formation of oligonuclear square pyramidal nickelalactones 
such as 3, interconnected via the carboxylate group, was not 35 

observed before. The isolation of such a compound is rather 
surprising given the unwillingness of compound 1 to take up an 
additional ligand. Its formation is clearly linked to the use of 
dppm which acts as a bridging ligand and enforces close 
proximity of neighboring nickelalactones. The formation of a 40 

central six-membered ring, consisting of the methylene carbon 
atom and the two phosphorus atoms of dppm, the two nickel 
atoms and the bridging oxygen atom of one carboxylate group, 
stabilizes the emerging molecule. The bond lengths and angles 
within the two nickelalactone moieties of 3 are very similar 45 

despite the deviating coordination number of the nickel atoms 
and comparable to those observed in related derivatives with a 
syn orientation of the CH2COO group (see table 1).  

The presence of two different carboxylate groups in solid 3 is 
also observable by infrared spectroscopy where two distinct 50 

vibrational bands at ν; ͂  = 1656 and 1634 cm–1 for the asymmetric 
carboxylate stretching vibration were observed (see table 2). In 
solution, the solid state structure is not preserved. Here, the 
dominating species which contains 0.5 equivalents of dppm per 
nickelalactone, is a symmetric species with a single signal in the 55 

31P{1H} NMR spectrum at δP = 13.0. The 13C{1H} NMR data 
obtained is unremarkable and shows typical chemical shifts for 
the carbon atoms of the nickelalactone moiety (see ESI, table S1). 

Table 2  Comparison of the asymmetric carboxylate stretching bands of 
[(L)Ni{C5H2C

4(CH3)C
3(CH3)C

2H2C
1OO}] in solid state. 60 

L 
Coordinatio
n geometry 

Alignment 
of 

CH2COO  
νas(COO) Ref. 

py SP-4 syn 1636 [7] 
dbu SP-4 syn 1626 – 

IMes SP-4 syn 1639 [6c] 
Cy3P SP-4 syn 1648 [6a] 
Ph3P SP-4 syn 1650 [6a] 

½ dppm SP-4/SPY-5 syn 1656/1634 – 
tmeda SPY-5 syn 1618 [4b] 
dbuP SPY-5 anti 1579 – 
dcpm SPY-5 anti 1599 – 
dcpea) SPY-5 anti 1584 – 

a) The appearance of a weaker second band at 1607 cm–1 indicate the 
presence of another isomer. 

Only a slight downfield shift of the CH2 groups of the allyl 
subunit to δC = 48.1 was detected. Additionally, the signal of the 
allylic carbon atom in trans position to phosphorus at δC = 83.0 as 65 

well as the signal of the carboxylate carbon at δC = 183.7 were 
observed as pseudo-triplets, most likely due to virtual coupling in 
an AA'X (or ABX) spin system (A, A’, B = phosphorus, X = 
carbon). These observations indicate that the solution structure of 
3 is dominantly those of a SP-4 complex and penta-coordinated 70 

species play a minor role under these conditions. Nevertheless, 
such interactions do exit as highlighted by the solid state structure 
of 3. However, a second weaker and incomplete signal set of 
another nickelalactone was observed in both, the 13C and 1H 
NMR spectra. Attempts to remove this impurity by 75 

recrystallization were unsuccessful. The too high carbon content 
determined by elemental analysis points towards the initially 
envisioned nickelalactone 
[(dppm)Ni{CH2C(CH3)C(CH3)CH2COO}] as the impurity, while 
unreacted tmeda-containing starting material could be excluded 80 

because the product contained no nitrogen.  
Unfortunately, the inability to obtain a pure derivative of the 

type [(L)Ni{CH2C(CH3)C(CH3)CH2COO}] which contains dppm 
as a chelating ligand leaves the initial question concerning the 
stability and structure of such chelate phosphane ligated 85 

nickelalactones unanswered. In a second attempt, the closely 
related 1,1-bis(dicyclohexylphosphino)methane (dcpm) was 
employed. The ligand exchange reaction between 
[(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] and dcpm takes 
another course than in case of dppm and it was possible to isolate 90 

a 1 to 1 adduct. Since the ligand that was used shows superior σ-
donor capacity relative to dppm, a stable product was expected. 
However, the crude product, obtained at ambient temperature, 
was observed to be a mixture which already contained 
decomposition products beside the desired nickelalactone 95 

[(dcpm)Ni{CH2C(CH3)C(CH3)CH2COO}] (4). Therefore 
recrystallization and meanwhile handling and storage of the 
solutions at low temperatures (–40 °C) was necessary to isolate a 
pure substance (see experimental section). Nevertheless, only the 
addition of small portions of methanol and further 100 

recrystallization yielded suitable crystals for X-ray diffraction 
analysis. In solid state, compound 4·MeOH resembles the dbuP 
ligated derivate 2 with respect to the general conformation of 
molecule, but in this case one molecule of methanol per  
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Fig. 4  Molecular structure and numbering scheme of 

[(dcpm)Ni{CH2C(CH3)C(CH3)CH2COO}]·CH3OH (4). The ellipsoids 
represent a probability of 40 %. H atoms (except the one at O3) and a 

disorder of the nickel atom are omitted for clarity. Selected bond lengths 5 

(Å): Ni–C3 2.096(6), Ni1–C4 2.001(5), Ni1–C5 2.099(8), Ni1–O1 
2.114(4), Ni1–P1 2.134(4), Ni1–P2 2.305(6), O1–C1 1.226(5), O2–C1 
1.248(5), C1–C2 1.502(7), C2–C3 1.564(8), C3–C4 1.360(7), C3–C6 
1.453(8), C4–C5 1.460(9), C4–C7 1.588(8), O2···O3 2.702(9); angles 

(deg.): P1–Ni1–P2 75.79(7), P1–Ni1–O1 102.3(2), P1–Ni1–C3 171.6(2), 10 

P1–Ni1–C4 133.1(3), P1–Ni1–C5 102.7(3), P2–Ni1–O1 99.35(16), P2–
Ni1–C3 108.5(4), P2–Ni1–C4 129.1(4), P2–Ni1–C5 164.2(2), O1–Ni1–

C3 84.3(2), O1–Ni1–C4 109.6(2), O1–Ni1–C5 96.3(3), C3–Ni1–C4 
38.7(2), C3–Ni1–C5 71.2(2), C4–Ni1–C5 41.6(2), C3–C4–C5 119.9(6). 

nickelalactone, which forms a hydrogen bond to the exocyclic 15 

oxygen atom of the nickel complex, was found within the crystal. 
This finding underlines that the derivatives under investigation 
are rather stable against protolysis in agreement with the results 
obtained for related derivatives of the type 
[(L)nNi(CH2CH2COO)] which also form stable hydrogen bonds 20 

with alcohols8c,15,17 and amines18. The molecular structure of 
4·MeOH is shown in figure 4.  

The preference of the less basic exocyclic oxygen atom of 4 
for adduct formation results from steric shielding of the 
endocyclic oxygen atom by the dcpm ligand. With compound 4, a 25 

second square pyramidal nickelalactone derivative is available in 
which the carboxylate group occupies the apical position of the 
pyramid. Comparison of its properties with previously 
investigated derivatives allowed the identification of the 
asymmetric stretching vibration of the carboxylate group as a 30 

valid criterion to simply distinguish this isomeric form from 
others. Both known examples, compounds 2 and 4, show this 
band at remarkably low wavenumber (2: 1579 cm–1; 4: 1599 cm–1) 
while for all other derivatives higher values were found (see table 
2). The observed values indicate an increased degree of charge 35 

delocalization within the carboxylate group and increased 
contribution of resonance form b (see scheme 2) to the overall 
structure of the molecule. Expectedly, hydrogen bond formation  

 
Scheme 2  Resonance forms a and b of 4. 40 

fortified this effect and measurement of crystals of 4·MeOH gave 
a value of 1577 cm–1. 

In solution, compound 4 is neither uniform nor stable at 
ambient temperature. 1H and 13C spectra show the presence of at 
least two different nickelalactones as indicated for instance by the 45 

presence of two different signals of the carboxylate group at δC = 
183.7 (major isomer) and 175.8. Additionally, the isomers as 
penta-coordinated molecules can be fluxional themselves as 
observed for the major isomer in solution. In the 31P{1H} 
spectrum this compound gave rise to a broadened singlet at 50 

δP = 10.6 due to rapid exchange of the positions of the two non-
equivalent phosphorus nuclei. The situation is further 
complicated by slow decomposition of 4 to unknown nickel 
containing products. The simultaneous occurrence of typical 
signals of liberated 2,3-dimethylbutadiene at δC = 20.6, 113.1 and 55 

144.1 is an indication that decoupling of the nickelalactone 
subunit occurred as one of the decomposition pathways. 
Nevertheless, with the help of two-dimensional HMBC and 
HSQC NMR experiments it was possible to identify and assign 
all 13C NMR signals of the nickelalactone subunit of the 60 

dominant species in solution (see ESI, table S1). 
The unexpected destabilization of the investigated nickel 

derivative upon utilization of dcpm needed some additional 
considerations. The use of highly basic chelate phosphanes like 
dcpm, dcpe and 1,2-bis(dicyclopentylphosphino)ethane as ligands 65 

usually led to stable, structurally characterized saturated8c,19 and 
unsaturated9d nickelalactones (without allyl moiety) which do not 
decouple spontaneously into CO2 and the parent hydrocarbon 
(alkene, alkyne) at ambient temperature.  

  70 

 
Fig. 5  Structural motif of [(dcpe)Ni{CH2C(CH3)C(CH3)CH2COO}]·0.5 

THF (5). The H atoms, co-crystallized THF and a disorder of C2, C3, C5, 
C6, O1 and O2 are omitted for clarity. 
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Fig. 6  Molecular structure and numbering scheme of 

[(dcpe)Ni{CH2C(CH3)C(CH3)CH2}] (7). The ellipsoids represent a 
probability of 40 %. H atoms are omitted for clarity. Selected bond 
lengths (Å)[values of 7·0.5THF added in square brackets]: Ni1–C1 5 

1.954(3) [1.954(3)], Ni1–C2 1.997(3) [2.009(3)], Ni1–P1 2.1361(7) 
[2.1420(7)], Ni1–P2 2.1565(7) [2.1571(7)], C1–C2 1.437(4) [1.440(4)], 
C2–C3 1.476(4) [1.481(4)], C2–C5 1.515(4) 1.508(4)], C3–C4 1.351(4) 

[1.341(5)], C3–C6 1.495(5) [1.504(5)]; angles (deg.): P1–Ni1–P2 
91.92(3) [92.25(3)], P1–Ni1–C1 108.47(9) [108.11(9)], P1–Ni1–C2 10 

150.23(9) [150.30(9)], P2–Ni1–C1 159.35(9) [158.87(10)], P2–Ni1–C2 
116.70(9) [116.52(9)], C1–C2–C3 121.0(3) [119.5(3)], C1–C2–C5 

117.8(3) [118.4(3)]. 

Additionally, dcpe is a ligand which is commonly used in the 
synthesis of such nickel derivatives via oxidative coupling of CO2 15 

and unsaturated substrates8a,19 including 1,3-dienes.4c The 
observed instability of the dcpm ligated derivative 4 does not 
seem to fit the reactivity scheme although it is in line with the 
reported behavior6a of the dppe derivative. Clearly, the dcpe 
stabilized compound [(dcpe)Ni{CH2C(CH3)C(CH3)CH2COO}] 20 

(5) would be the perfect candidate to decide whether chelate 
phosphane ligands per se have a destabilizing effect on the 
investigated nickelalactones or dcpm is an exception due to the 
formation of an unfavorable four membered chelate ring at nickel 
which already led to the isolation of the unusual derivative 3 in 25 

case of dppm. Initial ligand exchange reactions at ambient 
temperature using dcpe led to a slow color change from red to 
yellow and the precipitation of a pale yellow substance which 
was identified as the well-known zero-valent nickel complex 
[(dcpe)2Ni]20 (6) by comparison of the NMR data and additional 30 

X-ray diffraction analysis (see ESI, fig. S4). The isolation of 6 
underlines that chelating diphosphane ligands indeed have a 
destabilizing effect on the allyl modified nickelalactones under 
investigation. Nevertheless the isolation of the dcpe ligated 
nickelalactone 5 is possible due to its low solubility in THF via 35 

crystallization, when the initial reaction mixture was rapidly 
cooled to –10 °C in order to avoid the decoupling of the 
nickelalactone. The red crystalline product obtained in this 
manner showed two asymmetric carboxylate stretching vibrations 
in the infrared spectrum, a stronger one at ν; ͂  = 1584 and a 40 

weaker at ν; ͂  = 1607 cm–1, as an indication that two slightly 
different isomers or conformers of 5 are present in solid state 
(table 2). For the major form, a structure in analogy to the 

complexes 2 and 4 was confirmed by X-ray diffraction analysis. 
Due to the rather low quality of the obtained crystals only a 45 

structural motif of 5 (see fig. 5) is available which was sufficient 
to establish the connectivity of the atoms but precludes further 
discussion of bond lengths and angles. Despite several attempts, 
no suitable crystals of the other form of 5 were found and 
therefore its conformation remains uncertain although the IR data 50 

might point to a square pyramidal complex with a ligand 
alignment in analogy to the known tmeda derivative4b Limited 
NMR data of 5 was obtained in THF-d8 under a CO2 atmosphere, 
applied to suppress decomposition via decoupling of the 
nickelalactone to CO2 and 2,3-dimethylbutadiene. Unfortunately, 55 

under these conditions, only a useful 31P{1H} spectrum of 5, 
consisting of two singlet at δP = 63.8 and 74.0 of equal intensity, 
is accessible while the 1H NMR spectrum is uninformative due to 
broad overlapping signals and a meaningful 13C NMR spectrum 
is prevented by the very limited solubility of 5 under these 60 

condition.  
If compound 5 is kept in contact with the tmeda containing 

mother liquor of the reaction for an enhanced time span at low 
temperature, the solid product becomes more and more 
contaminated with the above mentioned [(dcpe)2Ni] in crystalline 65 

form. In contrast, isolated 5 dissolves readily in THF at ambient 
temperature without an CO2 atmosphere, but rapid decoupling 
and predominant formation of the zero-valent nickel derivative 
[(dcpe)Ni{η2-CH2C(CH3)C(CH3)CH2}] (7) besides minor 
amounts of 6 were observed. Related complexes of nickel with 70 

1,3-butadiene ligands are known and different coordination 
modes of the diene ligand including η2-; η4- and µ2-η

2:η2-
coordination were reported.21 While in case of the closely related 
1,3-butadiene complex [(dcpe)Ni{CH2CHCHCH2}] a η4-
coodination mode was found in solid state21b, 2,3-75 

dimethylbutadiene as a slightly more electron-rich and sterically 
demanding ligand prefers η2-coordination in 7 as confirmed by 
X-ray analysis. As depicted in figure 6, the diene ligand adopts an 
s-trans conformation in this distorted trigonal planar nickel 
complex. Coordination to nickel leads to a lengthening of the 80 

double bond between C1 and C2 [1.437(4)] by 0.086 Å relative to 
the undisturbed double bond between C3 and C4 [1.351(4) Å]. 

The presence of 6 as an impurity and its ongoing slow 
formation besides liberated 2,3-dimethylbutadiene and other 
unidentified products in solution indicate that compound 7 has a 85 

lower stability than the related 1,3-butadiene derivative. The 
straightforward synthesis of pure 7 was attempted by the reaction 
of equimolar amounts of dcpe and [Ni(cod)]2 (cod = cis,cis-1,5-
cyclooctadiene) in presence of a tenfold excess of 2,3-
dimethylbutadiene but only led to isolation of [(dcpe)Ni(cod)]22 90 

(8) in good yield. (The same product was obtained in absence of 
2,3-dimethylbutadiene; see experimental section and ESI, figure 
S6.) Nevertheless, the formation of minor amounts of 7 in 
equilibrium were detected via NMR investigation of the reaction 
mixture. 95 

The structurally characterized derivatives 7 and 8 are two 
potential intermediates on route to the nickelalactone derivative 5 
via coupling of 2,3-dimethylbutadiene and CO2 by the system 
dcpe/[Ni(cod)]2 in analogy to the reactions with 1,3-butadiene 
and isoprene.4c Additionally, their formation in the above 100 

described experiments underlines the obstacles on this known 

Page 7 of 13 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



CREATED USING THE RSC ARTICLE TEMPLATE (VER. 3.0) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

ARTICLE TYPE www.rsc.org/xxxxxx  |  XXXXXXXX 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

pathway to allyl modified nickelalactones and during their 
utilization. First of all, substitution of the cod ligand by electron 
rich diene derivatives is unfavorable and therefore often an excess 
of the diene component is necessary to achieve satisfying reaction 
rates. Furthermore, an excess of CO2 is not only beneficial to 5 

shift the equilibrium between complexes like 7 and CO2 towards 
the desired products but might also help to prevent the reversion 
of their formation in subsequent reactions in order to make these 
derivative utilizable in organic synthesis. The investigation 
especially of the dcpm and dcpe ligated derivatives 4 and 5 10 

indicate that this decoupling reaction is a serious threat in 
solution.  

Conclusion and Perspective 

In contrast to the nickelalactones derived via coupling of CO2 and 
alkenes or alkynes, the stability of allyl modified nickelalactones 15 

derived from dienes does not benefit from the application of 
chelating ligands. Especially the use of widely applied bidentate 
chelate phosphane ligands has a destabilizing effect on these 
species. This deviating reactivity is closely related to the penta-
coordinated nature of derivatives such as 20 

[(dcpm)Ni{CH2C(CH3)C(CH3)CH2COO}] (4) and 
[(dcpe)Ni{CH2C(CH3)C(CH3)CH2COO}] (5) which seems to 
significantly lower the activation barriers for decoupling 
reactions. This activating effect of penta-coordination, although 
in context of other reactions, is well-documented in the chemistry 25 

of related d8-systems of iridium(I)23 and ascribed to the formation 
of highly distorted tetra-coordinated intermediates from the 
preferred penta-coordinated species which leads to a significant 
lowering of the overall activation energies of the investigated 
processes. However, the assumption that the observed 30 

destabilization in case of the investigated nickelalactones is 
closely related to the hitherto unknown conformation of the 
derivatives 4 and 5 and not the result of the enhanced 
coordination number alone can be ruled out. The starting material 
[(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}], which shares the 35 

coordination number of the compounds 4 and 5 but has another 
alignment of the ligands around the nickel center, also showed 
slow decomposition when handled in solution without additional 
CO2 present. The stability of dinuclear 
[(µ-dppm)(Ni{CH2C(CH3)C(CH3)CH2COO})2] (3) exceeds those 40 

of the dcpm and dcpe ligated derivatives, most likely because this 
compound is a predominantly tetra-coordinated species in 
solution although penta-coordination of one of the two nickel 
centers was observed in solid state. Among the penta-coordinated 
derivates investigated, the dbuP ligated compound 45 

[(dbuP)Ni{CH2C(CH3)C(CH3)CH2COO}] (2) shows the lowest 
tendency for the decoupling of the nickelalactone moiety and 
might indicate that chelating ligands with P,N donor set are 
superior for the stabilization of these derivatives. However, 
subsequent investigations with additional ligands of this type are 50 

necessary to clarify this point. In contrast to the penta-
coordinated derivatives, the square planar compound 
[(dbu)Ni{CH2C(CH3)C(CH3)CH2COO}] (1) is perfectly stable in 
solution at ambient temperature. 

It can be concluded from the obtained results, that tetra-55 

coordinated allyl modified nickelalactones containing a single 
highly basic monodentate neutral ligand show superior long term 

stability in solution and therefore are the systems of choice for 
the exploration of these derivatives as organometallic reagents in 
organic synthesis. Since it is commonly accepted that for the 60 

coupling process of a diene and CO2 at the nickel center itself, the 
presence of two monodentate ligands or of a bidentate chelate 
ligand per nickel center is required, isolation of the product (in 
case of monodenate ligands) or the subsequent exchange of the 
chelate ligand by a monodentate one are further measures to 65 

ensure the stability of the complexes in following reactions. It 
should be noted that even the presence of a second non-
coordinated ligand in solution was proven counterproductive in 
related systems.24 Additionally, a CO2 atmosphere might be 
beneficial as well in order to further suppress the impending 70 

decoupling of the nickelalactone in succeeding transformations.  

Experimental 

General comments 

All manipulations were carried out under an inert argon 
atmosphere using standard Schlenk techniques. THF, THP, 75 

toluene, diethyl ether and heptanes (mixture of isomers) were 
dried over KOH and distilled over sodium/benzophenone in an 
argon atmosphere; deuterated THF and benzene were dried over 
sodium, degassed, and saturated with argon. Acetone was dried 
over B2O3. The yields given are not optimized. 1H and 13C{1H} 80 

NMR spectra were recorded on Bruker AC 400, or AC 600 
spectrometers. Chemical shifts are reported in parts per million 
relative to Me4Si as an external standard. The residual signals of 
THF-d8 or C6D6 were used as an internal standard in the 1H and 
13C NMR spectra. The following abbreviations are used for the 85 

NMR data: s = singlet; d = doublet; t = triplet; m = multiplet; br = 
broad and IR data: s = strong, m = medium. The pseudo-triplets 
observed are most likely the result of virtual coupling 
phenomena. [Ni(cod)2]

 25 and 
[(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}]4a were prepared 90 

according to known procedures. Dppm, dcpm and dcpe were 
purchased from Strem Chemical, Inc. and used as received. 

Synthesis of [(dbu)Ni{CH2C(CH3)C(CH3)CH2COO}] (1) 

Dbu (0.44 mL, 448 mg, 2.94 mmol) was added dropwise to a 
stirred solution of [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] 95 

(440 mg, 1.47 mmol) in toluene (10 mL) at ambient temperature 
via syringe. The red reaction mixture was stirred for two hours 
followed by removal of the solvent under reduced pressure at 
ambient temperature. The resulting viscous red oil was dispersed 
in diethyl ether (15 mL) whereupon the product precipitated as 100 

orange yellow solid. The compound was isolated by filtration and 
dried in a vacuum. Yield: 249 mg (50 %). Anal. Calcd. for 
C16H26N2NiO2 (337.08): C, 57.01; H, 7.77; N, 8.31; found: C, 
57.07; H, 7.82; N, 8.23 %; Selected IR (ATR): ν; ͂  = 1626(s, 
νas,COO), 1592(s, νC=N) cm–1; 1H NMR (600.1 MHz, C6D6): δ 3.24 105 

(br s, 2H, C=N–CH2), 3.01 (d, 1H, 2JH,H = 15.9 Hz, O2C–
C(Heq)Hax), 2.91 (br s, 2H, N=C–CH2), 2.70 (br s, 2H, N=C–
(CH2)4CH2), 2.65 (br s, 2H, C=N–(CH2)2CH2), 2.42 (d, 1H, 
2JH,H = 15.9 Hz, O2C–C(Heq)Hax), 2.12 (s, 3H, CH3(meso)), 1.99 (s, 
1H, C(Hanti)Hsyn), 1.47 (br s, 2H, N=C–CH2CH2), 1.35–1.36 (m, 110 

3H, C=N–CH2CH2, + C(Hanti)Hsyn), 1.29 (br s, 2H, N=C–
(CH2)2CH2), 1.10 (br s, 2H, N=C–(CH2)3CH2), 0.92 (s, 3H, 
CH3(anti)). 

13C{1H} NMR (150.9 MHz, C6D6): δ 182.4 (COO), 
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163.9 (C=N), 111.8 (C–CH3(meso)), 73.9 (C–CH3(anti)), 53.1 
(N=C–(CH2)4CH2), 47.7 (C=N–(CH2)2CH2), 47.2 (C=N–CH2), 
44.4 (O2C–CH2), 41.1 (CH2), 38.9 (N=C–CH2), 29.2 (N=C–
(CH2)2CH2), 28.0 (N=C–(CH2)3CH2), 25.3 (N=C–CH2CH2), 
22.1 (C=N–CH2CH2), 21.7 (CH3(anti)), 20.1 (CH3(meso)). Crystals 5 

of 1·0.5 benzene suitable for X-ray diffraction experiments were 
obtained by cooling a saturated solution of 1 in a mixture of n-

heptane and benzene from ambient temperature to 0 °C. 

Synthesis of [(dbuP)Ni{CH2C(CH3)C(CH3)CH2COO}] (2) 

Solid dbuP (400 mg, 1.17 mmol) was added in one portion to a 10 

stirred solution of [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] 
(341 mg, 1.14 mmol) in THF (26 mL) at ambient temperature. 
After dissolution of the dbuP the red reaction mixture was cooled 
to 5 °C and stored at this temperature. After three days at this 
temperature the precipitated orange red crude product (336 mg, 15 

56 %) was collected by filtration and dried in a vacuum. 
Thereafter the compound was suspended in toluene (8 mL) and 
methanol was added dropwise with rapid stirring until a clear red 
solution was obtained. Afterwards the added methanol was 
slowly removed in a vacuum until the crystallization of the 20 

product started. Then the mixture was allowed to stand at –10 °C 
for 24 hours to complete crystallization. The red crystals formed 
were separated by decantation, washed with toluene (3 mL) and 
dried in a vacuum. Yield: 214 mg (36 %). Anal. Calcd. for 
C28H35N2NiO2P (521.27): C, 64.52; H, 6.77; N, 5.37; found: C, 25 

64.85; H, 6.66; N, 5.34; selected IR (ATR): ν; ͂  = 1579 cm–1 (s, 
νas,COO); 1H NMR (400.1 MHz, C6D6 + CD3OD): major species in 
solution: δ 7.52 (m, 2H, CH Ph), 7.4-7.1 (m, 8H, CH Ph), 3.4-2.3 
(m, 7H, 3×CH2+CH dbuP), 2.51 (m, 1H, O2C–CHH’), 2.40 (m, 
1H, O2C–CHH’), 1.87 (br, 1H, CHH’), 1.80 (m, 1H, CHH’), 1.5-30 

0.9 (m, 8H, 4×CH2 dbuP), 1.49 (s, 3H, CH3), 1.36 (d, 3H, J = 
7.8 Hz, CH3); 

 13C{1H} NMR (150.9 MHz, C6D6 + 
CD3OD): incomplete signal set of the major species in solution: 
δ 179.2 (d, 3JC,P = 9.8 Hz, COO), 166.4 (d, 2JC,P = 18.7 Hz, C=N), 
116.5 (d, 2JC,P = 2.4 Hz, C–CH3(meso)), 94.9 (d, 2JC,P = 22.9 Hz, C–35 

CH3(syn)), 54.0 (s, CH2 dbuP), 53.8 (s, CH2 dbuP), 48.5 (d, 1JC,P = 
2.1 Hz, CH dbuP), 48.3 (s, CH2 dbuP), 46.2 (d, 3JC,P = 3.4 Hz, 
O2C–CH2), 39.2 (d, 2JC,P = 5.0 Hz, CH2 allyl), 29.0 (s, CH2 
dbuP), 28.2 (d, 2JC,P = 8.7 Hz, CH2 dbuP), 26.5 (s, CH2 dbuP), 
23.9 (d, 3JC,P = 2.7 Hz, CH3), 22.4 (s, CH2 dbuP), 21.1 (s, CH3), 40 

the assignment of the signals of the Ph groups is uncertain and 
therefore not given. 31P{1H} NMR (162.0 MHz, C6D6 + 
CD3OD): major species: δ 40.7 (s). The crystal, obtained as 
described above, are suitable for X-ray diffraction analysis. 

Synthesis of [(µ-dppm)(Ni{CH2C(CH3)C(CH3)CH2COO})2] 45 

(3) 

Solid dppm (180 mg, 0.48 mmol) was added in one portion to a 
stirred red solution of [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] 
(280 mg, 0.93 mmol) in THF (10 mL) at ambient temperature. The 
resulting orange red reaction mixture was stirred for 15 min and 50 

then toluene (10 mL) was added. Thereafter, the solvents were 
slowly removed by distillation in a vacuum. The remaining 
orange colored residue was taken up in diethyl ether (10 mL) 
resulting in the precipitation of the orange colored product. The 
solid was isolated by filtration, washed with diethylether (3 mL) 55 

and thoroughly dried in a vacuum. Yield: 272 mg (78 %, crude 
product). Anal. Calcd. for C39H42Ni2O4P2 (754.095): C, 62.11; H, 

5.61; found: C, 64.37; H, 5.53; selected IR (ATR): ν; ͂  = 1656 (m, 
νas,COO), 1634 cm–1 (s, νas,COO); 1H NMR (400.1 MHz, THF-
d8): major species in solution: δ 7.86 (br, 4H, CH Ph), 7.38 (br, 60 

4H, CH Ph), 7.35-7.05 (m, 12H, CH Ph), 3.39 (t, 2H, 
2JH,P = 10.9 Hz, PCH2P), 3.11 (br. d, 2H, 2JH,H = 16.3 Hz, O2C–
CHH’), 2.53 (br. d, 2H, 2JH,H = 16.3 Hz, O2C–CHH’), 2.05 (br, 
2H, CHH’), 1.97 (br, 2H, CHH’), 1.73 (br, 6H, CH3(meso)), 1.14 
(br, 6H, CH3(anti)); 

13C{1H} NMR (100.6 MHz, THF-d8): major 65 

species in solution: δ 183.7 (pseudo-t, 2C, COO), 135.5 (br, 4C, 
i-C Ph), 134.6 (pseudo-t, 4C, CH Ph), 133.3 (pseudo-t, 4C, CH 
Ph), 130.1 (br s, 4C, CH Ph), 128.9 (pseudo-t, 4C, CH Ph), 128.8 
(br, 4C, CH Ph), 128.5 (pseudo-t, 4C, CH Ph), 115.5 (s, 2C, C–
CH3(meso)), 83.0 (pseudo-t, 2C, C–CH3(anti)), 48.1 (s, 2C, CH2 70 

allyl), 44.6 (s, 2C, O2C–CH2), 28.1 (t, 1JC,P = 6.5 Hz, 1C, 
PCH2P), 23.4 (s, 2C, CH3), 20.2 (s, 2C, CH3); 

31P{1H} NMR 
(162.0 MHz, THF-d8):  major species: δ 13.0 (s). Suitable crystals 
for X-ray diffraction analysis were obtained by cooling the 
mother liquor of the reaction from ambient temperature to –20 °C. 75 

Synthesis of [(dcpm)Ni{CH2C(CH3)C(CH3)CH2COO}] (4) 

Solid dcpm (264 mg, 0.65 mmol) was added in one portion to a 
stirred red solution of [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] 
(193 mg, 0.64 mmol) in THF (15 mL) at ambient temperature. 
After 5 min of stirring, the resulting brownish red reaction 80 

mixture was reduced to half of its original volume and stored for 
3 days at –20 °C. Thereafter, a compact layer of a red solid had 
formed at the wall of the Schlenk tube. This crude product 
(237 mg) was isolated by decantation and dried in a vacuum. 
Afterwards it was suspended in heptanes (5 mL) and THP was 85 

slowly added until a clear solution was observed (the amount of 
THP necessary slightly varies from batch to batch). Storage of the 
resulting solution at –40 °C for one week resulted in the 
formation of 4·THP as an amorphous orange red solid. The 
compound was isolated by filtration and dried in a vacuum. 90 

Prolonged drying was necessary to remove the co-crystallized 
THP. Yield: 169 mg (44 %). Anal. Calcd. for C32H56NiO2P2 
(593.407): C, 64.77; H, 9.51; found: C, 64.83; H, 9.74; selected 
IR (ATR): ν; ͂  = 1599 (s, νas,COO); Compound 4 decomposes in 
THF-d8 at ambient temperature; 31P{1H} NMR (162.0 MHz, 95 

THF-d8):  δ –11.5 (s, *), 10.6 (br s, compound 4, major species), 
15.1 (s, *), 31.0 (s, *), 31.3 (s, *) + further minor signals (* = 
unidentified product). Selected 13C{1H} NMR data (100.6 MHz, 
THF-d8): nickelalactone moiety of 4: δ 183.7 (pseudo-t, 1C, 
COO), 115.6 (s, 1C, C–CH3(meso)), 88.7 (pseudo-t, 1C, C–100 

CH3(syn)), 43.8 (s, 1C, CH2) 42.2 (s, 1C, CH2 allyl), 22.2 (s, 1C, 
CH3), 20.5 (s, 1C, CH3). Suitable crystals of 4·MeOH for X-ray 
diffraction analysis were obtained by cooling a solution of 4 in a 
mixture of heptanes, THF and a few drops of methanol from 
ambient temperature to –20 °C.  105 

Synthesis of [(dcpe)Ni{CH2C(CH3)C(CH3)CH2COO}] (5) 

Solid dcpe (561 mg, 1.33 mmol) was added in one portion to a 
stirred red solution of [(tmeda)Ni{CH2C(CH3)C(CH3)CH2COO}] 
(380 mg, 1.27 mmol) in THF (30 mL) at ambient temperature. 
Immediately after dissolution of all solids, the resulting dark red 110 

reaction mixture was cooled to 0 °C and stored for twelve hours at 
this temperature. The red crystals of 5·0.5THF formed were 
isolated by filtration and dried in a vacuum. The compound 
slowly lost the co-crystallized THF upon prolonged drying. 
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Yield: 366 mg (47 %). Anal. Calcd. for C33H58NiO2P2 (607.47): 
C, 65.25; H, 9.62; found: C, 64.71; H, 9.73; selected IR (ATR): 
ν; ͂  = 1607 (m, νas,COO), 1584 cm–1 (s, νas,COO); 31P{1H} NMR 
(242.9 MHz, THF-d8, CO2 atmosphere): δ 74.0 (s, 1P), 63.8 (s, 
1P). The crystals obtained directly from the reaction mixture were 5 

used to determine the structural motif of 5 via X-ray diffraction 
experiments. 

Formation of [(dcpe)2Ni] (6) and [(dcpe)Ni{η2-
CH2C(CH3)C(CH3)CH2}] (7) 

Complex 5 (274 mg, 0.45 mmol) was dissolved in THF (12 mL). 10 

The resulting solution was heated to 40 °C for 30 minutes. 
Afterwards, the solvent was removed in vacuo leaving a 
solidifying foam behind. This residue was taken up in acetone 
(10 mL) leading to precipitation of a yellow substance. The solid 
was isolated by filtration and dried in a vacuum. Yield: 133 mg 15 

[crude product, mixture of 6 (minor component) und 7 (major 
component)]. Analytical data of 6: 1H NMR (600.1 MHz, THF-
d8, 298 K): δ 2.21 (br, 8H, CH Cy), 1.90–1.05 (m, 88H, CH2 
dcpe); 13C{1H} NMR (150.9 MHz, THF-d8, 298 K): δ 38.8 (br, 
8C, CH Cy), 30.9 (br, 8C, CH2 Cy), 29.1 (s, 8C, CH2 Cy), 28.8 (s, 20 

8C, CH2 Cy), 28.6 (s, 8C, CH2 Cy), 27.5 (s, 8C, CH2 Cy), 22.5 
(m, 4C, P–CH2); 

31P{1H} NMR (242.9 MHz, THF-d8, 298 K): 
δ 43.7(s). Analytical data of 7: 1H NMR (600.0 MHz, THF-d8, 
298 K): δ 3.00 (s, 2H, =CHH’), 2.97 (s, 2H, =CHH’), 1.60-1.90 
(m, 32H, CH Cy + CH2 Cy + CH3 dmbd), 1.53 (m, 4H, P-CH2), 25 

1.35-1.15 (m, 18H, CH2 Cy); 13C{1H} NMR (150.9 MHz, THF-
d8, 298K): δ 105.7 (br, 2C, =C<), 66.4 (br, 2C, =CH2), 36.0 (dd, 
1JC,P = 13.8 Hz, 4JC,P = 4.6 Hz, 4C, P–CH), 29.9 (d, JC,P = 4.6 Hz, 
4C, CH2 Cy), 29.7 (s, 4C, CH2 Cy), 28.03 (d, JC,P = 8.3 Hz, 4C, 
CH2 Cy), 27.97 (d, JC,P = 5.7 Hz, 4C, CH2 Cy), 27.2 (s, 4C, CH2 30 

Cy), 24.6 (s, 2C, CH3 dmbd), 22.4 (pseudo-t, 2C, P–CH2); 
31P{1H} NMR (162.0 MHz, THF-d8, 298 K): δ 65 (very br, 1P), 
50 (very br, 1P); 31P{1H} NMR (162.0 MHz, THF-d8, 253 K): 
δ 67.8 (br d, 2JP,P = 61.2 Hz, 1P), 47.9 (d, 2JP,P = 63.2 Hz, 1P). 
Suitable crystals of 6 for X-ray diffraction experiments were 35 

obtained during the attempted synthesis of 5 at ambient 
temperature directly from the reaction mixture. In case of 7, 
crystals were obtained by recrystallization (ambient temperature 
to –20 °) of the crude product in THF (7·0.5THF) or THP.  

 40 

Synthesis of [(dcpe)Ni(cod)] (8) 

Solid dcpe (406 mg, 0.96 mmol) was added in one portion to a 
stirred yellow solution of [Ni(cod)2] (264 mg, 0.96 mmol) in THF 
(10 mL) at ambient temperature. After dissolution of the dcpe the 
yellow reaction mixture was stored for two days at –10 °C. 45 

Afterwards, the formed big bright yellow crystals of 8·THF were 

isolated by decantation, washed with heptanes (5 mL) and briefly 
dried in a vacuum. Yield: 545 mg (86 %). Anal. Calcd. for 
C38H68NiOP2 (661.60): C, 68.99; H, 10.36; found: C, 69.06; H, 
10.40; 1H NMR (600.1 MHz, THF-d8): δ 4.07 (br, 4H, CH cod), 50 

3.62 (m, 4H, OCH2 THF), 2.36 (m, 4H, CHH’ cod), 2.12 (m, 4H, 
CHH’ cod), 1.89-1.64 (m, 28H, CH2 THF+CH/CH2 Cy), 1.41 (m, 
4H, P–CH2), 1.33-1.16 (m, 20H, CH2 Cy); 13C{1H} NMR 
(150.9 MHz, THF-d8): δ 79.3 (pseudo-t, 4C, CH cod), 68.0 (s, 2C, 
OCH2 THF), 36.1 (pseudo-t, 4C, CH Cy), 32.8 (pseudo-t, 4C, 55 

CH2 cod), 29.9 (pseudo-t, 4C, CH2 Cy), 28.4 (s, 4C, CH2 Cy), 
28.2 (pseudo-t, 4C, CH2 Cy), 28.1 (pseudo-t, 4C, CH2 Cy), 27.5 
(s, 4C, CH2 Cy), 26.2 (s, 2C, CH2 THF), 21.4 (pseudo-t, 2C, P–
CH2); 

31P{1H} NMR (162.0 MHz, THF-d8): δ 59.9 (s). 

Structure Determinations 60 

The intensity data for the compounds were collected on a Nonius 
KappaCCD diffractometer using graphite-monochromated Mo-
Kα radiation. Data were corrected for Lorentz and polarization 
effects but not for absorption effects26,27. 

The structures were solved by direct methods (SHELXS)28 and 65 

refined by full-matrix least squares techniques against Fo
2 

(SHELXL-97) 28. The hydrogen atoms of compound 7 (except of the 
methyl group at C6) and 8 (except of the hydrogen atoms of the co-
crystallized thf molecule) as well as the hydrogen atoms bound to 
C1 and C4 of 7·0.5THF were located by difference Fourier 70 

synthesis and refined isotropically. All other hydrogen atoms were 
included at calculated positions with fixed thermal parameters. The 
crystal of 3 was a non-merohedral twin. The twin law was 
determined by PLATON29 to (–1.0/0.0/0.0) (0.0/–1.0/0.0) (–0.485/–
0.815/1.0). The contribution of the main component was refined to 75 

0.302(3). The crystals of 1 and 6 contain large voids, filled with 
disordered solvent molecules. The size of the voids are 
615 Å3/unit cell (1) and 161 Å3/unit cell (6), respectively. Their 
contribution to the structure factors was secured by back-Fourier 
transformation using the SQUEEZE routine of the program 80 

PLATON,29 resulting in 97 electrons/unit cell (1) and 20 
electrons/unit cell (6), respectively. 

The crystals of 5 were extremely thin and of low quality, 
resulting in a substandard data set. However, the structure is 
sufficient to show connectivities and geometry despite the high 85 

final R value. We will only publishing the conformation of 
compound 5 and its crystallographic data. We will not deposit the 
data of 5 in the Cambridge Crystallographic Data Centre.  

All non-disordered, non-hydrogen atoms were refined 
anisotropically.28 Crystallographic data as well as structure 90 

solution and refinement details are summarized in Table 3. XP 
(SIEMENS Analytical X-ray Instruments, Inc.) was used for 
structure representations. 
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Table 3  Crystal data and refinement details for the X-ray structure determinations of the compounds 1–5. 

Compound 1 2 3 4 5 
formula 

C16H26N2NiO2 C28H35N2NiO2P 
C39H42Ni2O4P2, 

C4H10O 
C32H56NiO2P2,  

CH4O 
C33H58NiO2P2, 0.5 

C4H8O 
fw /g·mol–1 337.10a) 521.26 828.21 625.46 643.50 

T/°C –140(2) –140(2) –140(2) –140(2) –140(2) 
crystal system orthorhombic monoclinic triclinic monoclinic monoclinic 
space group I m a 2 P 21/n  P ī P 21/n P 21/c 

a/Å 28.090(2) 13.8132(5) 10.9306(3) 9.6594(4) 11.1546(11) 
b/Å 13.7216(9) 12.2553(4) 11.3308(3) 32.5695(15) 34.917(3) 
c/Å 10.9264(7) 14.9680(4) 18.4592(5) 10.9054(5) 9.3693(8) 
α/° 90 90 72.221(1) 90 90 
β/° 90 97.186(2) 76.133(1) 101.745(1) 95.371(3) 
γ/° 90 90 67.433(1) 90 90 

V/Å3 4211.4(5) 2513.95(14) 1990.74(9) 3359.0(3) 3633.2(6) 
Z 8 4 2 4 4 

ρ/g·cm–3 1.063a) 1.377 1.382 1.237 1.176 
µ/cm–1 9.33a) 8.64 10.70 7.03 6.51 

measured data 4286 24526 7238 16775 11475 
data with I > 2σ(I) 3643 4441 6342 5704 4494 
unique data (Rint) 4286/0.0491 5761/0.0426 7238/0.0626 6726/0.0492 6681/0.0765 

wR2 (all data, on F2)b) 0.2185 0.1194 0.2196 0.1642 0.4215 
R1 (I > 2σ(I)) b) 0.0802 0.0516 0.0971 0.0774 0.1601 

S c) 1.045 1.047 1.231 1.130 1.110 
Res. dens./e·Å–3 1.104/–1.199 0.656/–0.413 1.315/–1.127 1.371/–0.680 1.667/–0.790 
Flack-parameter 0.097(15) – – – – 

CCDC No. 1002896 1002897 1002898 1002899 motif 
 

cont. Table 3  Crystal data and refinement details for the X-ray structure determinations of the compounds 6–8. 

Compound 6 7 7·0.5THF 8 
formula 

C52H96NiP4 C32H58NiP2 
C32H58NiP2,  
0.5 C4H8O 

C34H60NiP2,  
C4H8O 

fw /g·mol–1 903.88a) 563.43 599.49 661.57 
T/°C –140(2) –140(2) –140(2) –140(2) 

crystal system monoclinic triclinic triclinic monoclinic 
space group P 2/n P ī P ī P 21/n 

a/Å 13.2538(3) 10.1055(3) 10.5810(2) 11.7198(2) 
b/Å 9.9914(2) 11.0712(3) 12.3040(2) 20.4120(3) 
c/Å 21.0848(3) 14.8446(4) 13.7385(2) 15.3870(2) 
α/° 90 104.247(2) 97.923(1) 90 
β/° 103.144(1) 92.999(1) 106.776(1) 100.370(1) 
γ/° 90 103.896(2) 101.793(1) 90 

V/Å3 2718.98(9) 1551.63(8) 1638.94(5) 3620.75(9) 
Z 2 2 2 4 

ρ/g·cm–3 1.104a) 1.206 1.215 1.214 
µ/cm–1 5.05a) 7.47 7.12 6.52 

measured data 6212 9680 11318 27930 
data with I > 2σ(I) 5382 6124 6759 7490 
unique data (Rint) 6212/0.0305 6983/0.0221 7307/0.0214 8240/0.0271 

wR2 (all data, on F2)b) 0.1793 0.1065 0.1873 0.0801 
R1 (I > 2σ(I)) b) 0.0640 0.0505 0.0606 0.0318 

S c) 1.052 1.135 1.097 1.053 
Res. dens./e·Å–3 2.156/–0.802 0.950/–0.607 1.777/–1.161 0.461/–0.699 

CCDC No. 1002900 1002901 1002902 1002903 

a) Derived parameters do not contain the contribution of the disordered solvent. b) Definition of the R indices: R1 = (ΣFo– Fc)/ΣFo; 

wR2 = {Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}1/2 with w-1 = σ2 (Fo

2) + (aP)2+bP; P = [2Fc
2 + Max(Fo

2)]/3. c) S = {Σ[w(Fo
2–Fc

2)2]/(No–Np)}
1/2. 5 
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Nickelalactone derivatives with allyl subunit with different mono- and 
bidentate ligands were synthesized and characterized. The introduced 5 

neutral ligands strongly affect the structures of these versatile molecules 
and can be used to modulate their stabilities.  
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