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SUMMARY 

This thesis describes the newly discovered double SN2’ substitution reaction on diynes. This reaction 
was discovered in the search for new routes towards dendralenes utilizing double SN2’ cross-coupling 
reactions. In this new discovered double SN2’ substitution reaction, two Grignard nucleophiles are 
coupled with a diyne containing two leaving group functionalities. This coupling is performed in the 
presence of a Nickel catalyst and results in a rearrangement which yields a conjugated system with 
one internal alkyne functionality as shown below. 

 

The double SN2’ substitution reaction performed on a diyne using phenylmagnesiumbromide. 

In the first stage of this thesis the reaction was optimized in term of its yield in which the influence of 
different catalysts, ligands and their concentration was investigated. The use of nickel catalysts with 
a dppp ligand gave the highest yield. Next, reaction conditions like solvent, initial starting 
temperature, and the amount of Grignard reagent were studied. This resulted in the conclusion that 
THF was the best solvent, -15 oC was the best initial reaction temperature and three equivalents of 
Grignard reagent resulted in the highest yield. 

After the optimization, there was investigated which types of Grignard reagents could be used in this 
reaction. The use of Aromatic Grignard reagents gave moderate to good yields. Aliphatic and alkyne 
Grignard reagents gave little to no yield. There was also looked at the effect of different methyl 
substituents on the carbons in the diyne and the use of methoxy leaving groups. However, the use of 
chlorine leaving groups and the use of no methyl substituents gave the best yield in most cases. 

The purification of the products seemed problematic due to limited stability of the products at room 
temperature. In an effort to solve this there was attempted to stabilize the resulting products by 
reacting them with dicobalt octacarbonyl directly after the reaction. This strategy did not seem to 
stabilize the final products, but it was possible to recrystallize the resulting complex and record an x-
ray diffraction spectrum which confirmed the structure. The stability of these molecules remained a 
problem which could only be solved by working around by storing the products at -20 oC or by 
introducing methyl substituents. Yields could in most cases only be reported using quantitative 1H-
NMR unless the yield was high enough to isolate product.  
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1. INTRODUCTION 

1.1 Carbon-carbon coupling reactions 

During the past decades, organic chemists have seen a wide expansion in molecules and reactions 
which are available to them. Many new reactions have been developed which allow the preparation 
of complex organic molecules with excellent regio-, chemo-, diastereo-, and enantioselectivity.[1] 
Especially the formation of carbon-carbon bonds has received wide attention and is considered to be 
the heart of organic synthesis.[2] Many different reactions have been developed during the past 
decades to achieve efficient carbon-carbon bond formation. Some famous examples include the 
Grignard reaction, the Claisen condensation, the Wittig reaction, the Michael addition and the Diels- 
alder reaction. Although almost any organic molecule can be made nowadays, limits are often 
encountered in yield and efficiency within synthetic pathways. This gave rise to questions have been 
raised about negative impacts on environment and society of organic chemistry and led chemists to 
look into further into improving selectivity, yield and methodology of reactions during the last 
decades. 

The previously mentioned carbon-carbon bond forming Grignard reaction which was first reported in 
1900 is now widely applied in industry and researched throughout many group within academia.[3,4] 
Grignard reagents are organometallic reagents and onwards from the discovery of Grignard reagents 
many other organometallics reactions were developed. These include organolithiums, organozincs, 
organocuprates, organocoppers, organoalanes or organoboranes reagents which are all widely 
known and utilized in industry and academia.[5] Each of these organometallic reagents all have their 
own use and selectivity in chemical synthesis. For example, organocuprates are selective for 1,4-
micheal additions and Grignard reagents are selective in 1,2- additions. 

While alkali and alkaline metals are commonly used to form reagents, transition metals are heavily 
utilized as catalysts in chemical synthesis. Approximately 90% of all commercial chemicals are 
produced by methods that involve at least one catalytic step involving a metal catalyst.[6] One widely 
used and investigated type of metal catalysis reactions are cross-coupling reactions. Transition metal-
catalyzed cross-coupling reactions are among the most widely utilized methods for the construction 
of carbon−carbon (C−C) and carbon−heteroatom (C−X) bonds.[7] 

1.2 Cross-coupling reactions 

The first cross-coupling reaction was discovered by Kumada in 1972.[8] In a cross-coupling reaction a 
Grignard reagent is reacted with an organo-halide in the presence of a catalyst to form a cross-
coupled product. The use of a catalyst prevents the formation of homo coupling products and a 
variety of disproportionation products in substantial amounts.[9,10] Since the discovery of the Kumada 
cross-coupling reaction, many others types of cross-coupling reactions have emerged. Figure 1 shows 
an overview of some famous types of cross-coupling reactions and in which year they were 
discovered. 
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Figure 1.1: Illustration of various cross coupling reactions and the year they were discovered.
[8,9]

 

The cross coupling reactions shown in Figure 1 have all their own development history and 
associated advantages and disadvantages. Since the discovery of the Kumada cross-coupling 
reaction, many advantages in the field of cross-coupling reactions have been made in terms of 
applications and understanding.[10-12] The metal which is utilized as the catalyst is in most cases 
nickel, iron or palladium. Although palladium is more expensive, it is known to be more selective in 
most cases. Another important factor is the utilized ligand which coordinates with the metal catalyst. 
The ligand serves the purposes of keeping the catalysts in solution, can alter the reactivity of the 
metal or promote selectivity towards certain products. The most important and useful elements 
found in ligands are phosphorus, nitrogen, carbonmonoxide, cyclopentadieen, oxygen and sulphur 
ligands. Although many different ligands like 1,2-Bis(difenylfosfino)ethane (dppe), 1,3-
Bis(diphenylphosphino)propane (dppp), 1,1′-Ferrocenediyl-bis(diphenylphosphine) (dppf) or (1,3-
bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imidazo-2-ylidene) (IPr) shown in Figure 1.2 have been 
developed, research continues towards trying to find even better and more efficient ligands.[20] 

 

Figure 1.2: Various ligands commonly utilized in cross-coupling reactions. 

The mechanisms of cross-coupling reactions show in most cases three types of elementary steps. The 
first step is an oxidative addition in which the catalyst is inserted between the alkyl and the halide. In 
the next step transmetalation occurs between the metal complex and the organometal releasing a 
metal-halide. The final step involves reductive elimination in which the product is released. These 
elementary steps are illustrated in Figure 1.3. In many cases, cis-trans isomerization can occur after 
transmetalation which can promote certain selectivity towards certain products. 



1. INTRODUCTION Page 8 
 

 

Figure 1.3: Elementary steps found in cross-coupling reactions.
[13] 

Most cross-coupling reactions can occur under mild reaction conditions, making them attractive to 
use in organic synthesis. This is also the reason they are widely applied in industry, especially for the 
synthesis of various complex medicinal molecules. For example, the first step industrial synthesis of 
blood-pressure reducing Irbesartan drug shown in Scheme 1.1 is a manganese cross-coupling 
reaction. 

Scheme 1.1: Synthetic pathway towards Irbesartan utilizing a cross-coupling reaction in the first step.
[14] 

Although cross-coupling reactions are able to form many essential building blocks for fine chemicals, 
there is room for improvement in the terms of their efficiency and environmental friendliness. For 
example, over the recent years academic research has developed ligands to perform cross-coupling 
reactions in water in order to make these reactions more environmental friendly.[15] One major 
strategy is to design ligands which make the catalysts water soluble. The group of Liu recently 
developed a phenylphosphinacalix[3]trifuran ligand which allows Suzuki cross-coupling to be 
performed in water.[16] This is shown in Scheme 1.2. 

 

Scheme 1.2: Suzuki cross coupling performed in water.
[16] 

Another way to increase the efficiency of reactions is by performing multiple reaction reactions in 
one pot. The formation of multiple bonds in one reaction sequence removes the need of isolating 
intermediates, changing reaction conditions or the use of more reagents. It is obvious that this type 
of reaction would allow the minimization of waste and thus making the waste management 
unnecessary since compared to stepwise reactions the amount of solvents, reagents, adsorbents, 
and energy would be dramatically decreased. In addition, the amount of labor would go down. Thus, 
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these reactions would allow an ecologically and economically favorable production.[1] Human cells 
have always been performing multiple reactions in one pot with high efficiency using catalytic 
enzymes. However, performing multiple reactions in one reactor on large scale can leads to new 
challenges on its own. 

A famous example of efficient one pot reactions are double Diels-Alder reactions in which four new 
carbon-carbon bonds are formed.[17,18] Also, the use double SN2 substitution reactions and double 
allylic or propargyllic substitution reactions are widely seen throughout literature. Since most cross-
coupling reactions can be performed under the same mild conditions, they are attractive to perform 
in one pot. Scheme 1.3 shows the performance of four cross coupling reactions in one pot. 

 

Scheme 1.3: Performance synthesis of symmetrical tetraethynylethenes from tetrachloroethene in which four 
one pot cross-couplings are utilized.

[19] 

For the previous mentioned advantages, industry is also looking into improving their processes using 
multiple cross-coupling reactions. Scheme 1.4 shows the patented synthesis of precursors for organic 
light-emitting diode (OLED) devises in which there is made use of two cross-coupling reactions. 

 

Scheme 1.4: Performed industrial double cross-coupling for the synthesis of components utilized in OLED 
devices.

[20] 

These examples illustrate the potential of applying multiple cross coupling for the synthesis of 
various organic moieties. One particular group of compounds which could benefit from one pot 
cross-coupling reactions is dendralenes. 

1.3 Synthesis, characteristics and applications of dendralenes 

Dendralenes are one of the fundamental conjugated hydrocarbons and have become a wider subject 
of research over the recent decades. Dendralenes are cross-conjugated oligoalkenes of which the 
general structure can be found in Figure 1.4. The synthesis of dendralenes is an field on its own 
which has seen much progress up to today.[21,22] The following section provides a small part of the 
synthesis, characteristics and applications of dendralenes relevant to this thesis. 

 

Figure 1.4: Fundamental conjugated hydrocarbons.
[21] 

The first synthesis of [3]-dendralene seen in Figure 1.4 was reported in 1955 by Blomquist and 
Verdol.[22,23] The pathway which was utilized at that time can be found in Scheme 1.5. There was 
reported that the [3]-dendralene was volatile and unstable.  It had a tendency polymerize into a 
gelatinous mass when stored neat at -5 °C within 36 hours.[23] The yields of the chosen pathway was 
low likely due to use of high temperature flow tube pyrolysis techniques during this time. 
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Scheme 1.5: Synthetic pathway towards [3]-dendralene used by Blomquist and Verdol.
[23] 

The synthesis of dendralenes became more convenient after the discovery of cross-coupling 
reactions. One of the first efficient synthesis of [5]-dendralene is shown in Scheme 1.6. Although the 
product looks relatively simple in structure, one must not forget that it was believed throughout 
much of the second half of the 20th century to be impossible to synthesize this molecule because of 
the suspected limited stability.[22] 

 

Scheme 1.6: First efficient synthesis of [5]-dendralene.
[22]

 

The development of cross-coupling chemistry has led to the synthesis of many new higher order 
dendralenes. Scheme 1.7 shows a few examples of higher dendralenes which were synthesized by 
the group of Sherburn.[24] 

 

Scheme 1.7: synthetic pathways utilizing cross-coupling chemistry to make extended dendralenes.
[22,24] 

All of the reactions shown in Scheme 1.7 utilize cross-coupling chemistry and are by far the most 
efficient routes towards these types of dendralenes. Not only direct cross-coupling reactions are 
used, but also indirect cross-couplings in which cumulenes are utilized can be used. These methods 
work best to make substituted dendralenes.[25] Scheme 1.8 shows an example of how dendralenes 
can be made from cumulenes using stoichiometric amounts of titanium(IV)isopropoxide. 

 

Scheme 1.8: Synthesis of substituted [3]-dendralenes using stoichiometric amounts of titanium(IV)isopropoxide 
developed by the group of Micalizio.

[25]
 

One particular interesting method of making cumulenes is through the use of double SN2’ 
substitution reactions. These reactions can introduce multiple bonds using only one catalyst and 
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allow various substitutions to be introduced. Scheme 1.9 shows the method which was developed by 
Kleijn and co-workers to make dendralenes.[26] It allowed the use several different Grignard reagents 
and these pathways resulted in good yields. Not much later, double SE2’ reactions were developed by 
Pornet and Kolani in which TMS leaving groups could be eliminated directly to react directly to the 
subsequent dendralene.[27] 

 

Scheme 1.9: Formation of dendralenes through double SN2’ substitution reactions developed by Pornet and 
Kolani.

[26] 

Not long after, even more complex methods like the double ortho ester Claisen rearrangement arose 
to make even more complex dendralenes. Scheme 1.10 shows the synthesis of various dendralenes 
using a double ortho ester Claisen rearrangement.[28] 

 

Scheme 1.10: Synthesis of dendralenes using a double ortho ester Claisen rearrangement developed by the 
group of Hirashima.

[28] 

Many of the previous reactions were further developed and explored for the selectivity and 
reactivity. This illustrates the ongoing research and advances which are being made towards the 
synthesis of new dendralenes. However, there are still large synthetic challenges regarding their 
synthesis and due to their instability the applications for dendralenes are limited.[29] The most widely 
investigated application of dendralenes is by using them in subsequent reactions like diene‐
transmissive Diels‐Alder (DTDA) reactions. In a DTDA reaction, the formed diene functionality during 
the first Diels-Alder reaction serves as a new site which allows the occurrence of a second Diels-alder 
reaction. This concept is illustrated in Scheme 1.11. 

 

Scheme 1.11: Illustration of a diene‐transmissive Diels‐Alder reaction. Not that for steriochemical outcome 
both products are possible.

[29] 

The use of a DTDA reaction with dendralenes has been applied by Pronin and Shenvi for the total 
synthesis of amphilectenes which have been shown to display antimalarial activity.[30] The first steps 
of this total synthesis can found in Scheme 1.12. This designed synthetic pathway cuts down quite a 
few steps compared to other pathways, but does prove to be challenging in its initial development. 
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Scheme 1.12: First steps of the synthesis of a marine diterpene isocyanoamphilectenes which shows highly 
selective antimalarial activity.

[30] 

Besides the use of dendralenes in DTDA reactions, The group of Sherburn demonstrated that 
dendralenes can be utilized in cycloaddition, dihydroxylation and cross metathesis reactions.[31] This 
is illustrated in Scheme 1.13.  

 

Scheme 1.13: Cycloaddition and dihydroxylation reactions on a tricarbonyliron complex of [3]-dendralene.
[31] 

As shown in Scheme 1.13, the alkene functionalities in dendralenes can be converted to three 
membered ring structures. These long molecules with many three membered ring functionalities are 
known as Ivyanes. Ivyanes process high experimental heats and are being investigated for application 
as rocket fuel.[22] Ring-opening reactions of Ivyanes furnish new and interesting structures that are 
difficult to access by conventional means therefore increasing the potential applications for 
dendralenes.[32] This example illustrates that dendralenes can be precursors for interesting 
molecules. 

Looking at the general structure of dendralenes, it is likely that dendralenes can be polymerized to 
form (conjugated) polymers The group of Shiomi successfully performed the anionic polymerization 
of a substituted [4]-dendralene.[33] However, no further investigations towards applications were 
made. It could be possible that these polymers could aid in the search for the next generation 
conjugated polymers and be applied in organic photovoltaics (OPV). These examples for potential 
applications show again both challenges and progress towards new types of dendralenes. There is 
still much potential for discovering new routes towards new types of dendralenes. 

1.4 Developments towards new reactions for dendralenes 

The previous section illustrated that cross-coupling dendralenes synthesis can be combined with 
DTDS reactions to achieve the formation of a large number of carbon-carbon bonds in a short time. 
The synthetic challenges make it desirable to look into new pathways towards new higher 
dendralenes. 

Dr. Lindeboom from the group of Sherburn recently looked into new routes towards making [6]-
dendralenes using SN2’ substitution reactions.[22] He was able to achieve large improvements in the 
area of yield, amount of reagents used, reaction time and availability of starting materials. An 
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example of such a double SN2’ reactions can be found in Scheme 1.14. This methodology allowed 
much variation in the type of used Grignard reagent. 

 

Scheme 1.14: Investigated double SN2’ reaction of Erik-Jan Lindeboom.
[22] 

The questions which arises was or the SN2’-propargylic substitution reaction could be extended to a 
diyne as the substrate with leaving groups at the 1 and 6 position. It turned out that the reaction 
with this diyne with phenylmagnesiumbromide leads to 2,5-disubstituted hexa-1,5-dien-3-ynes via a 
double SN2’ substitution. This discovery shown in is Scheme 1.15 forms the fundamental basis for this 
thesis. 

 

Scheme 1.15: Extended double SN2’ substitution reaction on a diyne which forms the fundamental basis of this 
thesis. 

1.5 Project aim 

This outline of this thesis is to investigate the newly discovered extended SN2’ substitution reaction 
which is shown in Scheme 1.15. The reaction will first be investigated for its maximum yielding 
conditions by varying the catalyst, the catalyst concentration and the Grignard concentration. Also 
the reactions conditions will be varied in terms of utilized solvent, initial reaction temperature and 
reaction time. When this screening is complete, different Grignard reagents and leaving groups will 
be varied to see which ones are compatible with this reaction. Based on the experimental 
observations and literature there will be proposed a mechanism for this reaction. Finally, there is 
attempted to expand the conjugation of the starting material to see whether the reaction can be 
extended in terms of the starting material. The reactivity and stability of the starting materials and 
the dendralene products is also investigated. 
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2. RESULTS & DISCUSSIONS 

2.1 Introduction to the double SN2’ substitution reaction on diynes 

The period of the discovery of a reaction to the point it can be applied in practice can take up several 
decades. Studying a reaction in terms of its applications and mechanism can be a time consuming 
process. For example, the metathesis reaction which was first reported in 1950s took many years of 
development until it could actually be applied in synthesis.[1] The mechanism of the metathesis 
reaction was not understood until Professor Chauvin in 1971 proposed a mechanism involving a 
metal carbine which proven to explain observations which could not be explained by other 
mechanisms. Understanding of the mechanism aided in the development of practical catalysts by 
Grubbs which could be applied in industry and academia. Even now, there is still ongoing research 
into this reaction in for example the ligands and other possibilities for this reaction. 

The development of the double SN2’ substitution reaction on diynes will see similar stages. This thesis 
will focus on research in terms of methodology and mechanistic research. Extends on this reaction in 
terms of reactivity in substrates, catalysts or other parameters will be made. There will be proposed 
a mechanism based on the experimental observations which will hopefully help in development of 
this reaction. 

The best way to start studying a reaction is by looking at the physical observations which can be 
made before, during and after the reaction itself. Physical observations are linked to changes on the 
molecular level and vice versa. The conditions at which the double SN2’ substitution reaction on 
diynes was found are shown in Scheme 2.1. In the initial stage of the reactions, the catalyst in 
dissolved in THF. The color of this catalysts solution is light red/orange as is the color of the catalyst. 
Upon addition of the Grignard reagents, the solution turned to dark red/black which is likely to be a 
change in the nature of the catalyst. The dark color remained during the rest of the reaction. When 
the reaction was left stirring overnight there appeared a black compound on the wall of the schlenk 
which could be associated to polymerization. All of these observations will be discussed later. 

 

Scheme 2.1: Extended double SN2’ substitution reaction utilizing the reaction conditions at which it was 
discovered with. 

One very important practical consideration was the encountered instability of both the diyne starting 
material and the product as shown in Scheme 2.1. To further elaborate this, the synthesis of the 
starting material is shown in Scheme 2.2. The diol presented in this scheme was stable up to 24 
hours. However, upon chlorination the diyne showed a strong tendency to decompose. The 
dichlorodiyne had to be stored in a solution of tetrahydrofuran (THF) at -20 oC to prevent 
degradation. The product of the reaction in Scheme 2.1 also seemed unstable at ambient 
temperature. This made the performance of column chromatography to obtain an isolated yield 
difficult. 

 

Scheme 2.2: Utilized synthetic pathway towards the starting material. 

Due to the instability, excellent isolated yields were never obtained. For this reason, there was 
decided to determine the yields by direct analysis of the reaction mixture using proton nuclear 
magnetic resonance (1H-NMR). The product of the reaction in Scheme 2.1 a colorless liquid in its 
purest form, but this tended to switch to yellow quite fast at ambient conditions. Color was for both 
the starting material and the product a good indication for purify. 
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2.2 Methodology & optimization 

In the first stage, there was performed an optimization of various reaction conditions and the 
catalyst to see its influence on the yield. There was started to vary the utilized catalyst, amount of 
used catalyst and the applied ligand with the catalyst. The results of this screening can be found in 
Table 2.1. Note that there was used a new set of reaction conditions compared to the conditions 
seen in Scheme 2.1. This served to optimize the screening in terms of comparing the obtained 
results. 

 

Table 2.1: Performed optimization of the catalysts and ligand. Reaction conditions: Substrate (1.0 mmol), 
PhMgBr (3.0 mmol), THF (10.0 mL), addition rate of the substrate (10 mmol/h), 1h. 

a
Yield was determined by 

1
H-NMR using mesitylene as internal standard. 

The results in Table 2.1 first show that the use of a dppp ligand results in better yields compared to 
using a dppe ligand (entry 1 versus 2). With this result, it was hypothesized that dppf, having an 
increased bite angle, could result in an even higher yield. However, this was not the case (entry 3). 
The use of an IPr ligand which much utilized in cross-coupling chemistry did not work at all (entry 4). 
It is possible that this ligand is too bulky to work in this reaction. The use of palladium as the catalyst 
was also tested, but this did not give much product (entry 5). It should be noted that there was 
observed a large amount of biphenyl formation in this reaction mixture. It seems that a palladium 
catalyst might promote other reaction pathways. 

Next, the amount of catalysts was varied. A concentration of 1 mol% of catalyst turned out to be the 
best (entry 6, 7 and 8). The requirement of PPh3 and the catalysts was also investigated. 
Unexpectedly, the use of PPh3 led to a decrease in yield (entry 9). When Lindeboom performed an 
optimization of the reaction using one internal alkyne, he found that the introduction of PPh3 
increased the yield of his reaction.[2] The decrease in yield for the investigated reaction here might be 
explained by the nucleophillic properties of PPh3. The products of the investigated reaction here 
might be more sensitive to degradation. The reaction was finally performed without any catalyst or 
ligand to test or these were required (entry 10). It turned out that this is the case. 

In the next stage of the optimization, the amount of added Grignard reagent was varied. The results 
of this optimization can be found in Table 2.2. 
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Table 2.2: Performed optimization of the added amount of Grignard reagent. Reaction conditions: Substrate 
(1.0 mmol), Ni(dppp)Cl2 (1 mol%), THF (10.0 mL), addition rate of the substrate (10 mmol/h), 1h. 

a
Yield 

determined by 
1
H-NMR using mesitylene as internal standard. 

The addition of three equivalents turned out to result in the highest amount of product (entry 2). 
Lower amount did not give optimal conversion of the starting material. The fact that 2.5 equivalent 
gives 60% of yield but conversion of 82% indicates that while the reaction is running the product 
might degrade (entry 1). This lead to the idea that it could be possible to stabilize the product during 
the reaction by reacting it with a protection group. In the case of the addition of larger amount of 
Grignard reagent, the yield was also lower (entry 3 and 4). It might be that this promotes 
nucleophillic attack on the starting material or product. 

In the next stage, the reaction was also investigated for its optimized solvent. The results are shown 
in Table 2.3. 

 

Table 2.3: Performed optimization of the reaction solvent. Reaction conditions: Substrate (1.0 mmol), 
Ni(dppp)Cl2 (1 mol%), PhMgBr (3.0 mmol), THF (10.0 mL), addition rate of the substrate (10 mmol/h), 1h. 

a
Yield 

determined by 
1
H-NMR using mesitylene as internal standard. 

The results in Table 2.3 indicate that THF is the best solvent to utilize in this reaction (entry 1). The 
use of dioxane as solvent resulted in a low yield due to the Schenk equilibrium (entry 4). This 
equilibrium in which two molecules of Grignard reagent form a dimerised species as shown in 
Scheme 2.3 is present in all solutions containing Grignard reagents. In dioxane, this equilibrium shifts 
towards the right side.[3] This is actually utilized by organometallic chemists to obtain this species. In 
the case of this reaction, it will interfere with the reaction resulting in a lower yield. 
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Scheme 2.3: Illustration of the schlenk equilibrium.
[3] 

In the next stage, the initial reaction temperature at which the substrate was added was varied. The 
results can be found in Table 2.4. 

 

Table 2.4: Performed optimization of the initial reaction temperature. Reaction conditions: Substrate (1.0 
mmol), Ni(dppp)Cl2 (1 mol%), PhMgBr (3.0 mmol), THF (10.0 mL), addition rate of the substrate (10 mmol/h), 

1h. 
a
Yield determined by 

1
H-NMR using mesitylene as internal standard. 

According to Table 2.4, the change of initial reaction temperature seems to have relative large 
influences on the yield. This observation was also made by Lindeboom for the double substitution 
reaction performed on molecules with one alkyne functionality.[2] Raising the initial starting 
temperature gave a decrease in yield (entry 3 and 5). This higher temperature might promote more 
degradation. The use of a too low initial reaction temperature could decrease the rate of the reaction 
which makes other processes like degradation more likely (entry 1). However, it seems that the 
conversion is 100% even when the initial temperature is lowered. It could be that other pathways are 
promoted at lower temperatures. These results made it interesting to look at the influence of 
reaction time. The results of this screening can be found in Table 2.5. 

 

Table 2.5: Performed optimization of the reaction time. Reaction conditions: Substrate (1.0 mmol), Ni(dppp)Cl2 
(1 mol%), PhMgBr (3.0 mmol), THF (10.0 mL), addition rate of the substrate (10 mmol/h). 

a
Yield determined by 

1
H-NMR using mesitylene as internal standard. 
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After half an hour, the conversion of the starting material is 100% and the yield is 66% (entry 1). It 
seems strange the yield is increasing to 73% while the conversion is already 100% (entry 2). This 
could suggest that there is a long living intermediate involved within this reaction. This intermediate 
was never seen in the 1H-NMR, but the detection limit might be low to detect this. Extension of the 
reaction time led to a decrease in yield probably due to degradation (entry 3). 

In the final screening stage, there was investigated whether the rate of addition of the Grignard 
reagent affected on the yield. The results of this screening can be found in Table 2.6. 

 

Table 2.6: Performed optimization of the addition rate of the substrate. Reaction conditions: Substrate (1.0 
mmol), PhMgBr (3.0 mmol), THF (10.0 mL), 1h. 

a
Yield determined by 

1
H-NMR using mesitylene as internal 

standard. 

Table 2.6 shows that the addition rate has a significant influence on the yield. An addition rate of 
10.0 mmol/h seems to result in the optimal yield (entry 2). With these final results, the optimization 
was concluded. The highest yielding conditions of 74% are shown in Scheme 2.4. 

 

Scheme 2.4: Optimal condition for the double SN2’ substitution performed on diynes. 

The yield of 73% means that 27% goes towards the formation other products in the case of 100% 
conversion. However, 1H-NMR was not able to identify presence of side products and black insoluble 
polymer particles appeared. When performing column chromatography, some light yellow colored 
material remained stuck on top of the column. There was also always a small amount of biphenyl 
found in each reaction. This makes it likely that the major degradation pathways of this reaction 
result in (conjugated) polymer products. Section 2.4 will elaborate more on these observations. With 
the established optimized procedure, there was advanced towards the next step of investigating new 
substrates and Grignard reagents for the reaction. 

2.3 Investigation of the scope of the reaction 

The first investigations towards using new substrates for the double SN2’ substitution reaction on 
diynes would focus on introducing methyl substituents in the diyne substrate. Scheme 2.5 shows the 
first attempt for this. There was chosen for methyl substituents to see or this improved the stability. 
Note that there is made use of older reaction conditions due to this being performed in early stage of 
the project. 
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Scheme 2.5: The double SN2’ substitution reaction on diynes with two methyl substituents. 

The starting material and product shown in Scheme 2.5 showed improved stability compared to the 
with no methyl substituents. However, the yield of this reaction was also considerably lower. There 
was investigated whether this trend would continue when there were introduced more methyl 
substituents. The results are shown in Scheme 2.6. 

 

Scheme 2.6: The double SN2’ substitution performed on diynes with four methyl substituents. 

As is shown in Scheme 2.6, the trend in decreasing yield continues when increasing the sizes of the 
groups next to the internal alkynes. Attempts were made to improve the yield, but these proved 
unsuccessful. However, both the starting material and the product of this reaction were significantly 
more stable and the product could be stored neat with no signs of degeneration for at least two 
weeks. However, there was decided not to continue on this reaction because the yield could not be 
improved and the applications of this product remain smaller due to the methyl substituents. For 
example, metathesis is often not performed on alkenes which are substituted on both carbons. 

It was also tried make the reaction work using other leaving groups. Due to synthetic challenges and 
the instability of various diynes, not all leaving groups could be tested. It seems that when the 
leaving group ability was too strong like in the dibromo-diyne, the material degraded much faster. 
However, the diyne with two methoxy leaving groups could be synthesized and is shown in Scheme 
2.7. 

Scheme 2.7: The double SN2’ substitution performed on diynes with methoxy leaving groups. 

This reaction shown in Scheme 2.7 did not work. There was no conversion of the starting material 
Even with the addition of Lewis acid BF3 to promote the leaving group ability of the methoxy, the 
solution became very black and the 1H-NMR became a mess. It seems that the chlorine leaving group 
possessed the optimal leaving group ability to prevent degradation and to allow for reactivity. 

These results display the influence of leaving group and size of substituents. It was also interesting to 
see what would be the influence of various Grignard reagents on this reaction. Both the yield by 
direct analysis and the isolated yield are reported when applicable. There was started with aliphatic 
Grignard reagents. The results are shown in Table 2.7. 
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Table 2.7: Screening of various sp
2
 hybridized Grignard reagents for the double SN2’ substitution performed on 

diynes. 
a
Yield determined by 

1
H-NMR using mesitylene as internal standard. 
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The results in Table 2.7 illustrate that the reaction allows for various substituents on the Grignard 
reagent. However, this does come with a cost in yield (entry 1-5). The reaction did not work well 
when electron withdrawing substituents like fluor (entry 6) or CF3 (entry 7) were introduced. It could 
be the case that these electron withdrawing substituents on the Grignard reagents deactivate the 
Grignard reagent. 

With the investigation of various aromatic Grignard reagents complete, also allylic, alkenyl and 
alkynyl Grignard reagents were studied in this reaction. The results of this screening are shown in 
Table 2.8. 
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Table 2.8: Screening of various allylic, alkene and alkyne Grignard reagents for the double SN2’ substitution 
performed on diynes. 

a
Yield determined by 

1
H-NMR using mesitylene as internal standard. 

b
Direct double SN2 

substitution product was obtained. 
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From the results in Table 2.8 indicate that the use of a thiophene Grignard reagent (entry 1) gives a 
very low yield. It is possible that this product is instable. It is a drawback that this yield was low since 
thiophene is a much utilized functional group in organic electronics. The use of alkene Grignard 
reagents (entry 2 and 3) worked reasonable although in the case of small alkenes, stability could be 
an issue for the products. The use of aliphatic Grignard reagents like MeMgBr (entry 4 and 5) only led 
to the formation of direct double SN2 substitution products. This is probably one of the major side 
reactions encountered with this chemistry. The use of alkyne Grignard reagents (entry 6 and 7) did 
not work at all. Finally, the use of the aliphatic Grignard reagents cyclopentyl (entry 8) and t-butyl 
(entry 9) did not work at all. In the case of these last two reagents, there was observed no shift 
towards a darker color when these Grignard reagents were added to the catalyst solution. This 
indicates problems in the initial stages of the reaction. This was observed in all other cases. It seems 
that the use of aromatic Grignard reagents is the best just as with the original Kumada cross-coupling 
reaction.[4] 

These results made it interesting to look whether the double SN2’ substitution performed on diynes 
could be extended in terms of its conjugated system. A compound was designed with an extended 
alkyne-alkene conjugated system as shown in Scheme 2.8. There was theorized that this molecule 
could undergo various rearrangements or substitution reactions. Looking at the previous results, it is 
likely to undergo direct SN2 substitution. However, under the set reaction conditions, it was theorized 
that the substrate could also undergo a double allylic or extended SN2’ substitution. In order to 
investigate whether there would be promotion of different pathways, the experiment shown in 
Scheme 2.8 was constructed.  

 

Scheme 2.8: Designed experiment to determine which pathway would be promoted for the utilized substrate 
under double SN2’ substitution reaction conditions. 

The experiment in Scheme 2.8 was performed and after one hour there was taken a 1H-NMR. The 
substrate was gone, but none of the products could be identified. The NMR spectrum was quite 
messy and GC-MS did not find any masses associated with possible products. It seemed that the 
lifetime of the products might not be long enough for identification by H-NMR or GC-MS. 

With this final experiment, the scope of the reaction was concluded and with the resulting 
information of the previous experiments there was attempted to look into the mechanism for this 
reaction. 
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2.4 Proposed mechanism 

The mechanism of a reaction can explain its reactivity, selectivity and physical observations. For this 
reason, the mechanism is always constructed from the physical observations of a reaction. For the 
double SN2’ substitution on diynes, the first step was always the addition of the Grignard reagent to 
the catalyst solution. Throughout literature, it is known that these nickel catalysts undergo oxidative 
homo‐coupling with Grignard reagents as is shown in Scheme 2.9. This leads to NiII being converted 
to Ni(0) and the formation of biphenyl.[5] If there is no mechanism which converts Ni(0) to NiII, the 
active catalysts of this reaction would be Ni(0). Biphenyl formation was detected in all cases when 
the catalyst solution became darker upon addition of the Grignard reagent. In the cases that there 
was performed column chromatography, there was observed the formation of biphenyl on TLC and 
even isolated. 

 

Scheme 2.9: Generation of the active Ni(0) catalyst with the formation of biphenyl. 

Upon the addition of the Grignard reagent to a solution of NiII catalysts, the solution always became 
darker. This shift towards a darker solution led to the theory that the active catalysts in this reaction 
are Ni(0) nanoparticles. Although in most cases the formation of nanoparticles requires support on 
carriers like carbon or alumina, it has been observed in catalysts solutions with only palladium and 
nickel with a ligand.[6-8] This could be confirmed using fluorescence spectroscopy and by looking at 
initial reaction rate depending on the catalyst concentration, but for this research project there were 
made no further attempts to determine the physical nature of the catalyst due to its complexity. In 
case of the addition of aliphatic Grignard reagents cyclopentyl and tert-butyl to the catalyst solution 
(Table 2.8, entry 8 and 9), there was no change in the reaction mixture color. This means that in 
those cases the formation of the active nickel catalysts could not have occurred and therefore could 
not perform this reaction at all. 

The chemical nature of the catalysts was very likely to be Ni(0). It was theorized that the catalytic 
cycle of the investigated reaction could be similar to the one for double SN2’ substitution reaction 
performed by Lindeboom. This mechanism proposed by Lindeboom can be found in Figure 2.1. 



2. RESULTS & DISCUSSIONS Page 27 
 

 

Figure 2.1: Proposed mechanism by Lindeboom for the double SN2’ substitution on an internal alkynes. Nu = 
nucleophile, L = Ligand.

[2]
 

The mechanism in Figure 2.1 was inspired by the mechanism of the Kumada‐Tamao‐Corriu reaction. 
In the displayed reaction as shown in Figure 2.1, Ni(0) undergoes oxidative insertion into one of the 
C‐Cl bonds of the alkyne to give propargyllic a NiII intermediate. Rearrangement gives an allenic nickel 
complex which is followed by transmetalation with the Grignard reagent to give an allenic nickel 
intermediate. From this point on, there were theorized two possible pathways. In route a the allenic 
nickel intermediate undergoes reductive elimination, giving back the Ni(0) catalyst, which then 
oxidatively inserts to produce the next intermediate. It is also possible that allenic nickel complex 
undergoes a NiII intramolecular transfer and forms an intermediate as route b illustrates. A similar 
type of transfer has been proposed previously for PdII intermediates.[9] Next, the intermediate 
undergoes a rearrangement and transmetalation again after which reductive elimination results in 
the final product and the regeneration of the Ni(0) catalyst. This mechanism follows the rules of 
coordination chemistry and shows similarities with the Kumada cross-coupling mechanism. 

Based on the mechanism of the double SN2’ substitution reaction performed on an internal alkynes, 
it is possible to propose a similar mechanism for the double SN2’ substitution performed on diynes. 
This mechanism is shown in Figure 2.2. 
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Figure 2.2: Proposed catalytic cycle for the double SN2’ substitution on diynes reaction. Nu = nucleophile, L = 
ligand. 

The proposed mechanism displayed in Figure 2.2 follows the principles and steps found in the 
mechanisms of cross-coupling reactions with the additions of rearrangements towards cumulene 
systems. Although the stability of these cumulene intermediates could be questioned, many stable 
cumulenes which are utilized for reactions are found throughout literature.[10-13] There was also 
theorized that the first oxidative insertion performed on the substrate could be problematic due to 
the fact that oxidative insertions are difficult on allylic chlorides. A possible alternative for this 
oxidative insertion could be a Heck type of mechanism as shown in Scheme 2.10. This would lead to 
the same intermediate as shown in the catalytic cycle of Figure 2.2. 

  

Scheme 2.10: Alternative route towards the intermediates utilizing a Nickel coordination pathway similar to 
that found in the Heck reaction mechanism. 

In Scheme 2.10, the Ni(0) coordinates with the alkyne/cumulene and links with the substrate in the 
next step. This pathway in which there is first coordinated to a π-system is similar to that 
encountered in the mechanism of the Heck reaction.[14] Experimentally, it is difficult to distinguish 
between these two pathways since they yield very similar products. Calculating the energy of the 
transition states might provide hints. 
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One of the major pieces of evidence for the proposed catalytic cycle in Figure 2.2 is the observed 
formation of larger amounts of biphenyl. This could only be possible because of the formation of 
more NiLCl2. The possible explanation for this is shown in Scheme 2.11. 

    

Scheme 2.11: Possible pathway through which the intermediates degrade and explain the formation of more 
biphenyl. 

This pathway in Scheme 2.12 was also proposed by Lindeboom in his reaction due to the observation 
of more biphenyl. The elimination of this cumulene product eventually leads to more formation of 
biphenyl. The amount of biphenyl that was observed in all reaction mixtures was always larger than 
would be expected from only converting the added NiII to Ni(0) according to the Q-NMR spectra. In 
the case of using palladium catalysts, the amount of biphenyl which was formed more than 25% of 
biphenyl according to Q-NMR. This pathway of degradation is probably always present and is 
promoted in the case of palladium. The utilized ligands could promote or retard this pathway 
depending on its nature. It should be noted that the cumulene side product was never observed on 
1H-NMR, Q-NMR or GC-MS probably due to its instability. 

Besides this side reaction, there was also theorized in the previous section that single double SN2 
substitution could be a major side reaction. Another possibility of degradation could be that the 
starting material and product could degrade and form polymers. This was observed after longer 
periods at room temperature. Scheme 2.12 illustrates this concept of degradation. 

   

Scheme 2.12: Possible pathway through which the product degrades explaining the drop in yield on addition of 
large amounts of Grignard reagent. 

One major hint for the degradation of the starting material was because of the results of doing the 
reaction with no catalyst (Table 2.1, entry 10). There was conversion of the starting material, but no 
observation of any other product like the SN2 substitution products. 

In order to provide further evidence or disprove this proposed mechanism, the reaction was 
performed in THF-d6. Using 1H-NMR, this could provide structural hints of intermediates or side 
products. However, nothing besides the starting material or the product was observed in the 
reaction mixture. It could be that the detection limit of 1H-NMR is too low to observe the 
intermediates. Further experiments will have to provide evidence or contradict this mechanism. 

In a significant amount of the performed experiments, the products were reported to be instable. 
One of the possible solutions was the complexation of dicobalt octacarbonyl with the product. 

2.5 Dicobaltoctacarbonyl complexation 

Dicobalt octacarbonyl is a widely utilized protection group for internal alkynes in organic 
chemistry.[15-17] It coordinates with internal alkynes to form a dicobalt hexacarbonyl-stabilized 
propargyllic complex which prevents certain reactivity of the alkyne like metathesis or addition 
reactions. The coordination of the cobalt leads the bending of the linear internal alkyne functionality. 
The deprotection is readily achieved and the complex itself can also be subjected to subsequent 
reactions like the Pauson-Khand reaction[18] or the Nicholas reaction[19]. These are illustrated in 
Scheme 2.13. The complexation and deprotection has yields close to 99%. The products are usually 
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highly red colored making identification on the column easy. A drawback is that these complexes are 
UV-light sensitive, so protection of these complexes using alumina foil or stained glass is required to 
efficiently work with the reagents and products. 

 

Scheme 2.13: Illustration of dicobalt octacarbonyl protection, a Nicholas reaction and a Pauson-Khand reaction. 

We theorized that the complexation of dicobalt octacarbonyl with the products could stabilize the 
product and prevent degradation. This would make it should possible to purify the complexed 
products and increase in isolated yield. The red color of the complexes aided the workup. The most 
important aspect was that this reaction could be performed in one pot since the reagents would not 
interfere with the added dicobalt octacarbonyl required for the complexation.[15] The performed one 
pot reactions are shown in Scheme 2.14. 

Scheme 2.14: Performed one pot reaction in order to obtain the cobalt protected products. 

The isolated yields of this complexation were lower than was predicted. The complex itself showed 
lower stability then the original products since it was UV-sensitive. It seems the instability of the 
original products can be mostly contributed mostly due to their dendralene character. Although the 
yield was not improved, the complexes were isolated in pure form. To investigate the molecular 
structure of the first complex, the complex was recrystallized and an X-ray spectrum was obtained. 
The resulting X-ray spectrum can be found in Figure 2.3. 
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Figure 2.3: Illustration of the molecular structure of hexa-1,5-dien-3-yne-2,5-diyldibenzene (left) and its 

recorded X-ray spectrum. Visualization was done using Mercury software. 

The recorded X-ray structure in Figure 2.3 was consistent with the expected structure. This confirmed 
that the previous substitution and complexation reactions worked in one pot. One observation that 
can be made from the X-ray spectrum of the molecule is the relative twisted nature around its 
conjugated bonds. This type of twisting is found more across literature for dendralene or cumulene 
compounds.[20] For example, butadiene also has a small angle around its single bond due to the 
repulsion of protons. The same twist is observed here and in many other (dendralenes) conjugated 
compounds. 

This experiment demonstrates the potential for the products of this reaction to be subjected to 
subsequent reactions. With these final results, the investigation was concluded. 

 2.6 Outlook & recommendations 

In this work, the double SN2’ substitution has proved to work on various substrates and provided new 
molecules which were investigated for their properties and reactivity. However, one of the largest 
drawbacks which was encountered was the low stability of most the substrates and products which 
were used in the experiments. For future work, it is advisable to utilize more stable substrates. For 
example, the diol diyne precursor and substituted diynes displayed better stability in both the 
starting material and product. A suggestion to improve the handling of this reaction is shown in 
Scheme 2.15. 

Scheme 2.15: The double SN2’ substitution on diynes using a hydroxyl leaving group and methyl substituent for 
increased stability. 

The solubility of the diol substrate might become poorer and this might result in a decrease in yield. 
A solution could be found be using double ortho ester Claisen rearrangements on diynes as shown in 
Scheme 2.16. This rearrangement has been reported in literature on smaller systems, can be high 
yielding and allows for various substituents to be used.[21] 
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Scheme 2.16: Performing the double SN2’ substitution on diynes by using double ortho ester Claisen 
rearrangements. 

Further advances could also be made into confirming or disproving the mechanism of this reaction. 
The design of more experiments could provide more information, but due to the complexity and the 
non-observation of intermediates, it might be hard to do this experimental. Should it be possible to 
perform this reaction with more stable substrates and products, it might become possible to observe 
stable intermediates. Another possibility is the calculation of the energies of intermediates and 
transition states to obtain further hints about the possible reaction pathways of this reaction. 

The newly made products are interesting to apply in subsequent reactions as was done in the 
dicobalt octacarbonyl complexation experiments. At a certain stage of the project, an attempt was 
made to subject the product to double Diels-Alder reactions, but this did not work. Scheme 2.17 
illustrates possible further applications for the products of the double SN2’ substitution reaction. 

 

Scheme 2.17: Various possible reaction applications for the resulting product of the double SN2’ substitution on 
diynes. 

The fact that the products could be summited to complexation using dicobalt octacarbonyl makes it 
possible to look into using the products for Paulson-Khand or Nicholas reactions. Another major 
application would be to polymerize the products using for example Heck polymerization to form 
conjugated polymers. Throughout literature, dendralenes have been used to make ivyanes which 
could be utilized as rocket fuel.[22] Future research will have to determine the further development 
and the possible applications of this reaction. 
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 3. CONCLUSIONS 

The double SN2’ substitution on diynes has been investigated for its optimal reaction conditions, 
various possibilities in substrates, a possible mechanistic pathway and for possible applications of its 
products. The reaction was first optimized in terms of catalyst, ligand, catalyst concentration, 
Grignard reagent concentration, time and reaction solvent. Its highest yielding reaction conditions 
have been established and are shown hereunder. 

The double SN2’ substitution performed on diynes with its highest yielding conditions. 

In the next stage, the reaction was investigated for its possibilities in terms of usable substrates, 
leaving groups and for the extension of conjugation of the system. The use of aromatic Grignard 
reagents and chlorine leaving groups resulted in the highest yield. Alkene Grignard reagents worked 
reasonable and both aliphatic and alkynyl Grignard reagents did not work at all for this reaction. 

Problems with stability of the products were often encountered. There was attempted to improve 
the stability of the products by trying to form a complex with dicobalt octacarbonyl. It was possible 
to complex the products with dicobalt octacarbonyl, but this did not improve the overall stability of 
the products. However, this did show that the products of the investigated reaction could be utilized 
in subsequent reactions. There was recorded an X-ray spectrum of the dicobalt octacarbonyl complex 
which confirmed both the molecular structure and the utilized methodology. During the optimization 
and the screening of the reaction, many observations were made which resulted in the formulation 
of a reaction mechanism. This mechanism was further reinforced by literature. Future development 
of this reaction can confirm or retard the proposed mechanism. This reaction was theorized to be 
able to provide new building blocks for complex (dendralene) building blocks. 
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4. EXPERIMENTALS 

4.1 General methods 

All reactions were carried out under a nitrogen atmosphere using oven dried glassware and standard 
Schlenk techniques unless stated otherwise. Reaction temperature refers to the temperature of the 
heating medium. The dry solvents were taken from a MBraun solvent purification system (SPS-800). 
Ni(dppe)Cl2, Ni(dppp)Cl2, Ni(dppf)Cl2 were purchased from TCI EUROPE N.V. and stored at 0 oC. All 
Grignard reagents were purchased as 1M solutions from Sigma Aldrich, TCI Chemicals or Across 
Chemicals unless stated otherwise. Propargyl alcohol and 2-Methyl-3-butin-2-ol were purchased 
from TCI Chemicals and stored at 0 oC. CuI was purchased from Sigma Aldrich and purified before use 
according to Armarego et al.1 Dicobaltoctacarbonyl was purchased from Strem Chemicals, stored at 0 
oC and kept away from light. 

TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. Compounds were 
visualized using either UV-238 nm light, Seebach’s reagent (a mixture of phosphomolybdic acid (25 
g), cerium (IV) sulfate (7.5 g), H2O (500 mL) and H2SO4 (25 mL)) and heating the TLC plate, a KMnO4 

stain (K2CO3 (40 g), KMnO4 (6 g), water (600 mL) and 10% NaOH (5 mL)), or elemental iodine. Flash 
chromatography was performed using SiliCycle silica gel type SiliaFlash P60 (230-400 mesh) as 
obtained from Screening Devices or with automated column chromatography using a Reveleris flash 
purification system purchased from Grace Davison Discovery Sciences. 
1H-, 13C- and 19F-NMR spectra were recorded on a Varian AMX400 (400, 101 and 376 MHz, 
respectively) using CDCl3 as solvent unless stated otherwise. Chemical shift values are reported in 
ppm with the solvent resonance as the internal standard (CDCl3: δ 7.26 for 

1H, δ 77.16 for 13C). Data 
are reported as follows: chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = double doublet, 
ddd = double double doublet, td = triple doublet, t = triplet, q = quartet, br = broad, m = multiplet), 
coupling constants J (Hz), and integration. GC-MS measurements were performed with an HP 6890 
series gas chromatography system with an HP1 or HP5 column (Agilent Technologies, Palo Alto, CA), 
equipped with an HP 5973 mass sensitive detector. High resolution mass spectra (HRMS) were 
recorded on a Thermo Scientific LTQ Orbitrap XL. (ESI+, ESI- and APCI). 

4.2 General procedure for performing a quantitative NMR experiment 

General procedures for performing Q-NMR experiments were adapted from literature.[1-4] 

Sample preparation 

A 2 mL vial was filled with 0.7 mL of HPLC grade pentane and 0.7 mL of 0.5M HCl. Next, 0.5 mL of the 
reaction mixture was and transferred via a syringe. The organic layer was transferred to another 2 mL 
vial and removed in vacuo at 0 oC. To the remaining residue was added 0.5 mL of 0.1M Mesitylene in 
deuterated chloroform and analyzed using 1H-NMR. 

Acquiring the Q-NMR 

The magnetic field was locked, shimmed and tuned accordingly. The 13C were decoupled and one 
scan was taken to check for irregularities. The gain was set accordingly and the d1 was set at 50. This 
d1 had been determined by performing a DOT experiment which can be found in DOT section 
(experimental section 4). Finally, the Q-NMR was acquired. 

Processing of the data 

The obtained spectrum was processed by using MestReNova version 10.2. A phase correction, 
baseline correction and reference from the solvent peak were performed. The methyl protons from 
the mesitylene internal standard were integrated and the number was set as nine. The resulting 
alkene proton peaks of the product were integrated and the yield by direct analysis could be 
determined by dividing the integral values by two. This is in accordance with the formulas used in 
literature. 
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4.3 Synthesis of compounds 

Starting materials 

hexa-2,4-diyne-1,6-diol 

Procedure of all performed Glaser couplings were adapted from Chauhan et Al.[5] 
To a 500 mL three necked flask was added 0.819 g (4.30 mmol) of CuI, 1.02 g (4.30 
mmol) of NiCl2*6H2O, 2.6 mL (17.2 mmol) of TMEDA, 36 mL (258 mmol) of Et3N and 
340 mL of dry THF. The solution was stirred until it turned dark green. Next, 4.81 g 
(85.9 mmol) of propargyl alcohol was slowly added to the reaction mixture. After 
16 h, the THF was removed in vacuo and the residue was dissolved in EtOAc. The 
resulting solution was washed two times with both saturated NaHCO3 and brine. 

Solid NaCl was added to all water layers to push the product to the organic layer. The organic layer 
was removed in vacuo to give hexa-2,4-diyne-1,6-diol as a white solid (4.47 g, 40.6 mmol, 95%). 
1H-NMR (400MHz, DMSO-d6): δ 5.40 (t, J = 6.0 Hz, 2H), 4.17 (d, J = 6.0 Hz, 4H). 
13C-NMR (101 MHz, DMSO-d6): δ 79.6, 67.9, 49.3. 

 

1,6-dichlorohexa-2,4-diyne 

Thionyl chloride chlorination procedures were adapted from Gelin et Al.[6] A 250 mL 
three neck flask was equipped with a stirring bar and a dropping funnel. Next, 1.65 g 
(15 mmol) of hexa-2,4-diyne-1,6-diol diol and 3.0 mL (37.5 mmol) pyridine were in 
37.5 mL dry DCM was added. The flask was cooled to 0 oC and a solution of 2.7 mL 
(37.5 mmol) of thionyl chloride in 37.5 mL dry DCM was added dropwise. After 
addition of the thionyl chloride, the reaction mixture was stirred overnight at rt. The 
reaction mixture was quenched by pouring it into 200 mL of 0.5 M HCl. The product 

was extracted with 50 mL pentane and was washed with saturated NaHCO3 and brine. The organic 
layer was dried over Na2SO4 and decolorized using active carbon. The solvent was removed in vacuo 
at 0 oC and the residue was purified by a short column (silica, pure pentane). Removing the solvent in 
vacuo at 0 oC gave 1,6-dichlorohexa-2,4-diyne as a colorless liquid (1.23 g, 8.37 mmol, 56%). As the 
product is sensitive to degradation, it should be used as soon as possible for the next reaction. It was 
stored as a solution of 1 M in THF at -80 oC. 
1H-NMR (400MHz, CDCl3): δ 4.20 (s, 4H). 
13C-NMR (101 MHz, CDCl3): δ 74.7, 70.0, 30.4. 

 

1,6-dimethoxyhexa-2,4-diyne 

Methylation was performed according to the procedure of Sharma et Al using 
slight modifications.[7] A 25 mL flask was loaded with 0.83 g (7.55 mmol) of hexa-
2,4-diyne-1,6-diol, 10 mL of 50% aq. NaOH and 0.8 mL of demineralized water. 
The solution was stirred vigorously and 1 mL (10.6 mmol) of dimethylsulfate was 
added. After 2 h, 2 g of NaOH was added to the solution. The reaction was left to 
stir overnight. Next, the reaction mixture was carefully quenched by 200 mL of 
0.5 M HCl. The solution was further acidified using concentrated HCl till the pH 

became neutral. The product was extracted with Et2O. The organic layer was washed with saturated 
NaHCO3 and brine and dried over MgSO4. The solvent was removed in vacuo at 0 oC. The resulting oil 
was purified using flash column chromatography (silica, Pentane:EtOAc (v/v)=3:1). The solvent was 
removed in vacuo at 0 oC to give 1,6-dimethoxyhexa-2,4-diyne as a green oil (0.26 g, 1.87 mmol, 
25%). 
1H-NMR (400MHz, CDCl3): δ 4.18 (s, 4H), 3.39 (s, 6H). 
13C-NMR (101 MHz, CDCl3): δ 77.2, 75.4, 70.6, 60.3, 58.0. 
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2,7-dimethylocta-3,5-diyne-2,7-diol 

To a 1 L three necked flask was added 1.43 g (7.50 mmol) of CuI, 1.78 g (7.50 
mmol) of NiCl2*6H2O, 4.5 mL (30.0 mmol) of TMEDA, 63 mL (450 mmol) of Et3N 
and 400 mL of dry THF. The solution was stirred at room temperature while O2 
was bubbled into the reaction mixture. Next, a solution of 14.5 mL (150 mmol) 
of 2-Methyl-3-butin-2-ol in 200 mL THF was added over a period of 150 min. 
After 16 h, the solvent was removed in vacuo and the residue was dissolved in 
EtOAc. The resulting mixture was filtrated and the filtrate was washed using 

saturated NaHCO3 (3*50 mL) and with brine (1*50 mL). The solvent was removed in vacuo and the 
residue was flash precipitated to yield 2,7-dimethylocta-3,5-diyne-2,7-diol as a white solid (12.401 g, 
74.6 mmol, 99%). The product was stored at -20 oC. 
1H-NMR (400MHz, DMSO-d6): δ = 5.54 (s, 2H), 1.37 (s, 12H). 
13C-NMR (101 MHz, DMSO-d6): δ = 85.7, 65.0, 63.6, 31.1. 

 

2,7-dichloro-2,7-dimethylocta-3,5-diyne 

Procedure was adapted from Chan et Al.[8] A 50 mL round bottom flask was 
loaded with 1.15 g (6.90 mmol) of 2,7-dimethylocta-3,5-diyne-2,7-diol, 1.66 g 
(15.0 mmol) of CaCl2, 0.77 g (0.7 mmol) of hydroquinone and 10 mL of 
concentrated HCl. The solution was stirred for 4 h at room temperature after 
which the reaction mixture was filtrated. The black filtrate was dissolved in 50 
mL of pentane. The solution was washed with saturated NaHCO3 (2*20mL) and 
dried over Na2SO4. The solvent was removed in vacuo and the residue was 
recrystallized from MeOH to give 2,7-dichloro-2,7-dimethylocta-3,5-diyne as a 

white solid (0.62 g, 3.06 mmol, 45%). The product is stored at -80 oC. 
1H-NMR (400MHz, CDCl3): δ= 1.86 (s, 12H). 
13C-NMR (101 MHz, CDCl3): δ = 83.0, 67.7, 57.4, 34.4. 

 

General procedure for the double SN2’ Substitution on diynes reaction: 

A 100 mL schlenk flask was flamed-dried three times and placed under N2 atmosphere. Next, 
Ni(dppp)Cl2 (10.8 mg, 0.02 mmol) was added to the flask together with 12 mL dry THF. The mixture 
was cooled to -15 oC and 6 mL of 1M Grignard solution was added to the reaction mixture. The 
mixture was stirred for 10 minutes at -15 oC. Next, a 1M solution of the dichloride starting material (2 
mL, 2.0 mmol) in THF was added over 10 min using a syringe pump. After the addition was complete, 
the solution is left to stir at -15 oC for 10 more minutes. Next, the reaction mixture was allowed to 
warm to r.t. and stirred for 1 h. A Q-NMR was taken afterwards. 

The reaction mixture was worked up by pouring it into a mixture of 150 mL H2O and 200 mL of n-
pentane. Next, 50 mL of 1M HCl was added and the organic layer was isolated, washed with 
saturated NaHCO3 (2*40mL) and brine (1*40mL) and dried over MgSO4. After evaporation of the 
solvent at room temperature, resulting oil was purified using flash column chromatography (silica, n-
pentane). The product was obtained as either a colorless oil or white solid. Concentrating the 
products at higher temperatures will usually result into the degradation of the product. The products 
are mostly stable when stored at -80 oC. 
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Hexa-1,5-dien-3-yne-2,5-diyldibenzene 

Phenylmagnesium bromide was used as the Grignard reagent (1.0 M in 
THF). Yield by direct analysis: 72%. The product was isolated as colorless oil 
(0.20 g, 0.88 mmol, 44 %). 
1H-NMR (400MHz, CDCl3): δ 5.76 (s, 2H), 5.98 (s, 2H), 7.22-7.50 (m, 6H), 
7.59-7.66 (m, 4H).  

13C-NMR (101 MHz, CDCl3): δ 89.7, 120.8, 125.9, 128.2, 128.2, 130.4, 137.0. 

GC-MS: m/z (relative intensity, %): 230 (100), 229 (54), 228 (44), 215 (36). This was in accordance 
with literature.6 

 

4,4'-(hexa-1,5-dien-3-yne-2,5-diyl)bis(methylbenzene) 

P-tolylmagnesium bromide was used as the Grignard reagent (1.0 M in 
THF). Yield by direct analysis: 68%. The pure product was obtained as a 
white solid (0.11 g, 0.44 mmol, 22%). 
1H-NMR (400MHz, CDCl3): 7.60 (d, J = 8.2 Hz, 4H), 7.18 (d, J = 7.9 Hz, 4H), 
5.95 (s, 2H), 5.71 (s, 2H), 2.37 (s, 6H). 

13C-NMR (101 MHz, CDCl3): δ 138.41, 134.59, 130.51, 129.25, 126.13, 120.23, 90.04, 77.16, 21.34. 
GC-MS: m/z (relative intensity, %): 258 (100), 228 (55), 243 (48), 129 (33). 

 

4,4'-(hexa-1,5-dien-3-yne-2,5-diyl)bis(chlorobenzene) 

4-chlorophenyl)magnesium bromide was used as the Grignard reagent 
(1.0 M in THF). Yield by direct analysis: 50%. The pure product was 
obtained as a white solid (0.15 g, 0.52 mmol, 26%). 
1H-NMR (400 MHz, CDCl3): δ = 5.76 (s, 2 H), 5.98 (s, 2 H), 7.36-7.33 (m, 4 
H), 7.62-7.59 (m, 4 H).  
13C NMR (101 MHz, CDCl3): δ = 89.9, 121.8, 127.5, 128.8, 129.5, 134.5, 

135.7. 

GC-MS: m/z (relative intensity, %): 228 (100), 298 (52), 263 (41), 226 (40). 

 

5,5'-(hexa-1,5-dien-3-yne-2,5-diyl)bis(1,3-dimethylbenzene) 

(3,5-dimethylphenyl)magnesium bromide was used as the Grignard 
reagent (0.5 M in THF). Yield by direct analysis: 56%. The pure 
product was obtained as a white solid (0.17 g, 0.6 mmol, 30%). 
1H-NMR (400 MHz, CDCl3): δ = 2.35 (s, 12 H), 5.72 (d, J = 0.8 Hz, 2 H), 
5.96 (d, J =1.2 Hz, 2 H), 6.98 (s, 2 H), 7.33 (s, 4 H). 

13C-NMR (101 MHz, CDCl3): δ= 21.5, 90.2, 120.8, 124.2, 130.2, 130.9, 137.4, 138.0. 

GC-MS: m/z (relative intensity, %): 286 (100), 256 (62), 271 (45), 1287 (23). 

 

4,4'-(hexa-1,5-dien-3-yne-2,5-diyl)bis(fluorobenzene) 

(4-fluorophenyl)magnesium bromide was used as the Grignard 
reagent (1.0 M in THF). Yield by direct analysis: 60%. The pure 
product was obtained as a white solid (0.19 g, 0.76 mmol, 36%). 
1H-NMR (400 MHz, CDCl3): δ = 7.69-7.63 (m, 4H), 7.10-7.04 (m, 
4H), 5.93 (s, 2H), 5.75 (s, 2H). 
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13C-NMR (101 MHz, CDCl3): δ = 90.0, 115.5 (d, J = 21.7 Hz), 121.1 (d, J = 1.9 Hz), 128.0 (d, J = 8.0 Hz), 
129.6, 133.4 (d, J = 3.4 Hz), 163.0 (d, J = 248.4 Hz). 
19F-NMR (376 MHz, CDCl3): δ -113.51 - -113.58 (m, 2F). 

GC-MS: m/z (relative intensity, %): 266 (100), 133 (48), 265 (35), 264 (30). 

 

(2E,8E)-3,8-dimethyl-4,7-dimethylenedeca-2,8-dien-5-yne 

(E)-but-2-en-2-ylmagnesium bromide was used as the Grignard reagent 
(0.5 M in THF). Yield by direct analysis: 25%. The pure product was 
obtained as a white solid (74.5 mg, 0.40 mmol, 20%). 
1H-NMR (400 MHz, CDCl3): 1.75 (dq, J = 7.2 Hz, 1.5 Hz, 6H), 1.88-1.87 (m, 
6H), 5.30 (d, J = 2.0 Hz, 2H), 5.43 (dq, J = 7.0 Hz, 1.4 Hz, 2H), 5.58 (d, J = 

2.0 Hz, 2H).  
13C-NMR (101 MHz, CDCl3): δ 15.0, 23.5, 89.4, 123.4, 123.5, 130.7, 134.5. 

GC-MS: m/z (relative intensity, %): = 156 (100), 171 (92), 141 (86), 128 (80), 186 (18). 

 

1,8-diphenylocta-3,5-diyne  

To a 50 mL Schlenk flask was added with 10.8 mg (0.02 
mmol) of Ni(dppp)Cl2 and 13.7 mL of dry THF. The reaction 
mixture then was cooled to -15 oC. A solution of 6.0 mmol 
benzylmagnesium chloride (1.4M in dry THF) was added to 
the reaction mixture. After the addition, the solution was 

stirred for 10 min at -15 oC. Next, a solution of 2 mL 1,6-dichlorohexa-2,4-diyne (1.0M in THF) was 
added over 12 min using a syringe pump. After addition the solution was left to stir at -15 oC for 10 
min more. After the stirring, the acetone bath was removed and the reaction mixture was left to stir 
for another hour. Next, a Q-NMR was taken to determine the yield of the product by direct analysis 
(43%). The reaction mixture was pouring into a mixture of 75 mL of H2O, 5 mL of 2M HCl and 75 mL 
of n-pentane. Then the organic layer was separated, washed two times with H2O and one time with 
brine and dried over MgSO4. The solvent was removed in vacuo at 0 oC. The resulting residue was 
purified using flash silica column chromatography (silica, n-pentane). The solvent was evaporated in 
vacuo at 0 oC to give the product as a white solid (0.196 g, 0.76 mmol, 38%). This product was 
relatively stable at room temperature. 
1H-NMR (400 MHz, DMSO-d6): δ = 2.58 (t, J = 7.2 Hz, 4H), 2.75 (t, J = 7.2 Hz, 4H), 7.24-7.19 (m, 6H), 
7.31-7.27 (m, 4H). 
13C-NMR (101 MHz, DMSO-d6): δ = 20.4, 33.7, 65.7, 77.6, 126.2, 128.3, 128.4, 140.0.  

GC-MS: m/z (relative intensity, %) = 91 (100), 167 (33), 165 (26), 65 (24), 258 (17). 

 

hexa-1,5-dien-3-yne-2,5-diyldibenzene[dicobalt octacarbonyl complex] 

This reaction was performed directly after the extraction step of the 
workup of hexa-1,5-dien-3-yne-2,5-diyldibenzene compound. The yield 
from direct analysis of the first step was 60%. Hexa-1,5-dien-3-yne-2,5-
diyldibenzene was extracted with pentane and the solvent was removed 
in vacuo at 0 oC. The resulting residue was dissolved in 12 mL of dry THF. 
The reaction vessel was protected from light and there was added 0.342 
g (1.2 mmol) of Co2(CO)8. The reaction mixture was left to stir overnight 
at room temperature. TLC was used to monitor the reaction, indicating 
full conversion after the night. The reaction mixture was worked up by 

pouring it into a mixture of 100 mL DCM/100 mL 0.5M HCl. The DCM layer was washed with 
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saturated NaHCO3(2*20 mL) and brine (1*20mL). The solvent was removed in vacuo at 0 oC and the 
resulting solid was purified using flash column chromatography (silica, n-pentane). The solvent was 
removed in vacuo at 0 oC to give the hexa-1,5-dien-3-yne-2,5-diyldibenzene[dicobalt octacarbonyl 
complex] as a red solid (0.178 g, 0.35 mmol, 29%). The product was stored at -80 oC away from light. 
For performing an X-ray, the product was dissolved in MeOH inside a 2 mL vial. This vial was put in an 
8 mL vial which was filled for half with n-pentane. This vial setup was stored at -80 oC overnight after 
which small crystals appeared in the inner vial. These crystals were used for the X-ray measurement. 
1H-NMR (400 MHz, DCM-d2) δ = 7.54-7.47 (m, 4H), 7.37-7.29 (m, 6H), 5.84 (d, 2H), 5.75 (d, 2H). 
13C-NMR (101 MHz, DCM-d2) δ = 199.82, 148.07, 141.36, 128.89, 128.77, 127.63, 118.90, 98.68. 

IR (neat): νmax = 3063, 2930, 2089, 2052, 2026, 1495, 1448, 700 cm-1. 

 

Notes for characterizing this compound: 

This compound is likely to undergo a Pauson-Khan rearrangement when left neat at room 
temperature for too long. The complex should be analyzed immediately and otherwise be protected 
from UV-Vis light and be best stored at least -20 oC (-80 oC is the best). Degradation of this complex 
goes slowly, but it goes along with the formation of metallic cobalt which gives rise to paramagnetic 
properties which makes NMR analysis difficult. The internal alkyne and carbonyl carbon peaks might 
be hard to visualize on 13C-NMR. Increasing the T1 relaxation time improves this. Performing GCMS 
analysis of this compound seemed to be impossible; only the de-coordinated complex is detected. 
Exact mass techniques also proved to be impossible to detect the product. Only a sea of peaks was 
obtained from varied measurements. The physical appearance of the compound is a red solid. 

 

(2,7-dimethylocta-2,6-dien-4-yne-3,6-diyl)dibenzene [dicobalt complex] 

A wrapped 50 mL schlenk protected from light was added 0.083 g 
(0.41 mmol) of (2,7-dimethylocta-2,6-dien-4-yne-3,6-diyl)dibenzene in 
20 mL DCM was added 0.168 g (0.49 mmol) of Co2(CO)8. The solution 
was stirred overnight after which the DCM was evaporated in a UV-
resistant flask. The crude solid was purified through UV-protected 
column chromatography (silica, pentane) resulting (2,7-dimethylocta-
2,6-dien-4-yne-3,6-diyl)dibenzene [dicobalt complex] as a black solid 
(0.138 g, 0.24 mmol, 59%). The product was stored at -20 oC away 
from light. 
1H-NMR (400MHz, CDCl3): δ = 7.37 (t, J = 7.4 Hz, 4H), 7.28 (t, J = 8.1 Hz, 

2H), 7.18 (d, 4H), 2.04 (s, 6H), 1.62 (s, 6H). 
13C-NMR (101 MHz, DMSO-d6/CDCl3): δ = 197.87, 142.91, 135.12, 131.95, 127.73, 126.94, 125.35, 
93.42, 22.34, 21.75. 

IR (neat): νmax = 2924, 2854, 2091, 2025, 2009, 1995, 1975, 1384, 890, 699, cm-1. 

 

(E)-3-methylpent-2-en-4-yn-1-ol 

Compound was supplied as the pure z-isomer on request by DSM-Nutricial. The 
compound was stored at -10 oC wrapped with alumina foil. The compound was 
purified using flash column chromatography (silica, pentane:EtOAC (v/v) - 9:1). 
Purification on industrial scale is performed by distillation. 
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(2E,8E)-1,10-dichloro-3,8-dimethyldeca-2,8-dien-4,6-diyne 

To a 250 mL three necked flask was added 0.28 g (1.47 mmol) of 
CuI, 0.35 g (1.47 mmol) of NiCl2*6H2O, 0.9 mL (5.91 mmol) of 
TMEDA, 20 mL (147 mmol) of Et3N and 100 mL of dry THF. The 
reaction mixture was stirred until the solution became bright 
dark green and 2.82 g (29.3 mmol) of (E)-3-methylpent-2-en-4-
yn-1-ol was slowly added to the reaction mixture. After 16 h, the 
solvent was removed in vacuo and the residue was taken up in 

EtOAc. The EtOAc was washed with saturated NaHCO3 (2*100 mL) and with brine (1*100mL). The 
solvent was removed in vacuo and the resulting solid was recrystallized from DCM at -20 oC 
temperature to give hexa-2,4-diyne-1,6-diol as white solid needles (1.18 g, 6.19 mmol, 42 %). 
1H-NMR (400 MHz, DMSO-d6): δ = 6.12-6.01 (m, 2H), 4.89 (t, J = 5.4 Hz, 2H), 4.06 (t, J = 5.8 Hz, 4H), 
1.77 (s, 6H).  
13C-NMR (101 MHz, DMSO-d6): δ = 142.30, 116.44, 83.89, 71.11, 57.61, 16.84. 

 

(2E,8E)-1,10-dichloro-3,8-dimethyldeca-2,8-dien-4,6-diyne 

Procedure was adapted from Organic Syntheses.[9] To a flame-
dried 100-mL Schlenk flask was added 1.54 g (11.5 mmol) of N-
chlorosuccinimide and 45 mL of dry DCM. The resulting solution 
was cooled to -30°C. Next, 1.1 mL (15 mmol) of dimethyl sulfide 
was added dropwise using a syringe pump. The mixture was 
allowed to warm to -5 °C for 5 min after which the solution 
became milky white. The reaction mixture was cooled to -40°C and 

0.95 g (5 mmol) of (2E,8E)-1,10-dichloro-3,8-dimethyldeca-2,8-dien-4,6-diyne dissolved in 30 mL of 
dry dichloromethane was added to the reaction mixture. After addition, the suspension was warmed 
to r.t. and stirred for 2 hr. After 2 hours, the reaction mixture had become clear and went to 
completion according to TLC. The reaction mixture was concentrated under reduced pressure and 
treated with pentane upon which the succinimide compounds oiled out. The mixture was decanted 
and filtered. The elute was concentrated under reduced pressure and later under high vacuum at -80 
oC to afford (2E,8E)-1,10-dichloro-3,8-dimethyldeca-2,8-dien-4,6-diyne (0.35 g, 1.55 mmol, 31%) as 
an white solid. The product was dissolved in extremely cold THF and stored at -80 oC. 
1H-NMR (400MHz, CDCl3): δ = 6.14 (td, J = 8.1, 1.5 Hz, 2H), 4.11 (d, J = 8.1 Hz, 4H), 1.90 (d, 6H).  
13C-NMR (101 MHz, CDCl3): δ = 134.80, 122.74, 83.52, 73.72, 39.45, 16.97. 
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4.4 DOT study for the quantitative NMR 

 

As seen from the above diagram, both the internal standard and the alkene protons of the product 
seemed to be relaxed after 8 sec of T1. Due to the fact that this relaxation is dependent on factors 
like concentration, the T1 was set as 10 sec in every performed Q-NMR experiment. It is assumed that 
all protons are relaxed using this relaxation time. 
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4.5 NMR spectra of isolated compounds 
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4.6 FT-IR spectra of cobalt complexes 
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4.7 GC-MS spectra of isolated 

General parameters for running these compounds: 
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4.8 X-ray parameters and spectra 

General procedure used for acquiring the x-ray spectrum: 

A single crystal of hexa-1,5-dien-3-yne-2,5-diyldibenzene[dicobalt octacarbonyl] was mounted on top 
of a cryoloop and transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture 
diffractometer. Data collection and reduction was done using the Bruker software suite APEX3.[10] 
The final unit cell was obtained from the xyz centroids of 9770 reflections after integration. A 
multiscan absorption correction was applied, based on the intensities of symmetry-related 
reflections measured at different angular settings (SADABS). The structures were solved by direct 
methods using SHELXT[11] and refinement of the structure was performed using SHLELXL.[12] The 
hydrogen atoms were generated by geometrical considerations, constrained to idealized geometries 
and allowed to ride on their carrier atoms with an isotropic displacement parameter related to the 
equivalent displacement parameter of their carrier atoms. Crystal data and details on S17 data 
collection and refinement are presented below. The structure was deposited in the CCDC deposition 
number: 1519007. 

 

X-ray diffraction visuallization of hexa-1,5-dien-3-yne-2,5-diyldibenzene[dicobalt octacarbonyl]: 

 

Display of the spatial orientation of two molecules in the crystal lattice. 
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Crystallographic data for hexa-1,5-dien-3-yne-2,5-diyldibenzene[dicobalt octacarbonyl]: 
 
chem formula   C24 H14 Co2 O6 
Mr    516.21 
cryst syst   Triclinic 
color, habit   Red, block 
size (mm)   0.24 x 0.29 x 0.32 
space group   P -1 
a (Å)    8.4376(11) 
b (Å)    10.1022(12) 
c (Å)    13.0614(15) 

, deg    98.593(4) 

, deg    92.973(4) 

, deg    100.142(4) 
V (Å3)    1080.1(2) 
Z    2 

calc, g.cm-3   1.587 

μ(Mo K), cm-1  1.574 

F(000)    520 
temp (K)   100(2) 

range (deg)   3.245 – 27.925 
data collected (h,k,l)  -11:11, -13:13, -17:17 
no. of rflns collected  44480 
no. of indpndt reflns  5140 

observed reflns   4915 (Fo 2 (Fo)) 
R(F) (%)    1.78 
wR(F2) (%)   4.78 
GooF    1.057 
Weighting a,b   0.0228, 0.5470 
params refined   289 
restraints   0 
min, max resid dens  -0.294, 0.361   
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