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ABSTRACT OF DISSERTATION 
 

Nucleophilic additions to a para-benzyne derived from an enediyne: Exploring the 
non-radical reactivity of a diradical 
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Doctor of Philosophy in Chemistry 
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Professor Charles L. Perrin, Chair 

 

A new reaction of para-benzyne diradicals with anionic nucleophiles is 

different from their usual homolytic atom abstraction. Our studies show 

cyclodeca-1,5-diyn-3-ene undergoing rate-limiting cycloaromatization to a para-

benzyne, which rapidly adds nucleophiles to produce an aryl anion, which is then 

quenched by solvent or water to form 1-(Nu)tetrahydronaphthalenes. Our results 

represent the first example of anionic nucleophiles, other than halides, reacting 

towards a para-aryne. Our reactivity scale reflects the ease of Nu- desolvation, 

with the smaller, more highly solvated ions being slower in their reaction towards 

the para-benzyne diradical. Experimental results are in good agreement with 

computational data, and these suggest Nu- additions to para-benzyne to be 
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governed by solvation other than basic strength or nucleophilic character. 

Deuterium can be incorporated from aryl anion reacting with such weak acids as 

water, DMSO or CH3CN. The question addressed here is the relative reactivity of 

these two solvents and water, which can be measured by competition 

experiments with a mixture of labeled and non-labeled solvent. The relative 

reactivities kH2O/kSolvent-d, kD2O/kSolvent, and kSolvent/kSolvent-d were 

measured, and these values were combined to evaluate other relative reactivities 

including some which could not be measured directly, because there is no way to 

determine the source of the H or D in product. The low selectivity for CH3CN over 

DMSO, despite a difference in acidities of nearly 104-fold, is evidence for high 

basicity of the aryl anion. Moreover, the observation that the same relative 

reactivities are obtained with Bu4NI as with LiI is evidence that the aryl anion 

reacts more rapidly than the Li+ can reach the para carbon to form an aryllithium. 

To our knowledge, this is the first example of a metal-free aryl carbanion in 

solution. Finally, this new para-benzyne reactivity could represent an alternative 

mechanism, besides homolytic atom abstraction, for detoxifying enediyne 

antibiotics. 
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Chapter 1 
 

The Bergman cycloaromatization, enediynes, haloaromatics, and a novel 
mechanistic pathway 
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1.1 Cycloaromatization of (Z)-1,5-diyn-3-enes: the Bergman 
cycloaromatization 

 

 Organic compounds containing a (Z)-1,5-diyn-3-ene (1) moiety, or 

enediyne, undergo a cycloaromatization reaction in presence of heat, which form 

a reactive para-benzyne diradical (2) as an intermediate. This transformation is 

known as the Bergman cycloaromatization (BC) since this mechanism was 

described in detail by Robert G. Bergman in the early 70’s (Scheme 1.1.1).[1] But 

a cycloaromatization of a conjugated polyenyne involving an aryl diradical had 

been observed before. Sondheimer et al. attempted the synthesis of 5,9-

tridehydro[14]annulene through an elimination of dimesylate 4 in basic conditions 

to produce 6 (Scheme 1.1.2).[2] The expected product 6 was observed, but its 

yield was very low compared to isomeric bicyclic compound 5 and, even in more 

vigorous conditions like reflux in DMSO, and using KOH in methanol), neither 5 

nor 6 were isolated. Only 5,6-benzazulene (7) and several of its derivatives (8-9) 

were formed.[3] The formation of 8 could be explained as a nucleophilic attack by 

methoxide at one of the alkynes. Sondheimer proposed an attack by hydride for 

the formation of 7 and 9, resulting in the formation of formaldehyde and an aryl 

anion 10, which could then be quenched to afford the observed products 

(Scheme 1.1.3). Others had proposed the reaction intermediate for this 

transformation to be a diradical species 11.[4] If this is true, Sondheimer’s result 

could be considered the first cycloaromatization reaction involving an 

intermediate with diradical character. 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   3 

 

 

 
 
 
 
 
 
Scheme 1.1.1 Bergman cycloaromatization of (Z)-1,5-diyn-3-ene (1). 

 
 

 
Scheme 1.1.2 Thermal cycloaromatization of a polyenyne as performed by 

Sondheimer et al. 
 
  

 

 

 

 

 

 

 

Scheme 1.1.3 Plausible routes towards the formation of compounds 7 and 9. 
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 Masamune et al. attempted the synthesis of 1,5-didehydro-3,4-

benz[10]annulene (13) by putting dimesylate 12 under a variety of elimination 

conditions, but anthracene was the only product observed (Scheme 1.1.4a).[5] 

Also, when deuterated solvents were used, deuteration only at the 9,10 positions 

of anthracene was observed. Treatment of dimesylate 15 with base also afforded 

1,2,3,4-tetrahydroanthracene (17), as well as the benzannulated enediyne 18, 

but no 1,5-didehydro[10]annulene (16) was observed (Scheme 1.1.4b). A Cope-

like rearrangement was proposed for the formation of 18, but no hypothesis was 

proposed for the mechanism by which the anthracene was made.  

 

 
Scheme 1.1.4 (a) Attempts to produce 13 yielded only anthracene. (b) 

Mechanism to afford 1,2,3,4-tetrahydroanthracene was unknown, 
and a “Cope-like” rearrangement is proposed for the formation of 
18. 
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 Later, Sondheimer presented a similar system where he proposed the 

synthesis of 5,12-dihydro-6,11-didehydronaphthacene (23) had likely arisen from 

a para-benzyne intermediate (Scheme 1.1.5).[6]  

 

Scheme 1.1.5 Synthesis of 5,12-dihydro-6,11-didehydronaphthacene (23) 
involving the para-benzyne 22.  

 

 

 The BC was defined in detail through a reaction involving the pyrolysis of 

[1,6-d2]-(Z)-hexa-1,5-diyn-3-ene (24-d2) in gas phase at elevated temperatures 

(Scheme 1.1.6), where a fast deuterium scrambling between the acetylenic and 

vinylic positions of 24-d2 was observed. Isomers 27a/b were not observed, nor 

scrambling of unreacted (E)-starting material. When 24 was heated to 200 oC in 

pristane (24 was diluted to avoid radical polymerization), benzene did form. In 

CCl4, only 1,4-dichlorobenzene (28) was observed, and in toluene, benzene 

(minor) and diphenylmethane (30; major) were afforded (Scheme 1.1.7). The 

common intermediate in each of these reactions therefore appeared to be para-

benzyne (2). 
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Scheme 1.1.6 Bergman’s experiment for the proposal of 1,4-dehydrobenzene 

(2). 
 
 
 

 

 

 

 

 

 
 

Scheme 1.1.7 Trapping of diradical 2 under various solvents. 

 

 Cycloaromatization of 24-d2 was the first well-documented and convincing 

experiment of an aryl diradical intermediate being formed. The ability to 

functionalize the diradical depending on the nature of the solvent (limited though) 

made the BC an interesting reaction, but the elevated temperatures required to 

trigger the cyclization limited its application. 
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1.2 Discovery of the naturally occurring enediynes: “enediyne antibiotics” 
 

 The interesting reactivity of enediynes was ignored until a new class of 

antibiotics was reported that would put the BC in the frontline: not for its synthetic 

potential, but for its application towards DNA damage. Structures of a number of 

natural products were elucidated during the 1980’s, which possessed extremely 

potent anti-tumor antibiotic properties. These included calicheamicin-γ1
I (31), 

esperamicin A1 (32), dynemicin A (33) (Figure 1.2.1), and others [7-11] whose 

common moiety within their complicated structure is a cyclic (Z)-hex-1,5-diyne-3-

ene: the “warhead”. The antitumor properties exhibited by these new antibiotics 

were attributed to enediyne cycloaromatization [12,13] defined by Bergman’s 

previous work. In these compounds, the enediyne is constrained, keeping the 

warhead in its inactive state until it reaches the minor groove of the target cell’s 

DNA, where a series of transformations within the molecule result in an increase 

of enediyne’s ring strain, triggering the formation of a para-benzyne. The 

diradical then strips hydrogens from the DNA strand, resulting, ultimately, in cell 

death (see the next section for more details). All enediyne antibiotics exhibit 

potency against tumors.[8,14] The calicheamicins and esperamicins have been 

called the most powerful antitumor agents known, active at doses in the 0.1-5 

µg/Kg range.[15,16] Of all the enediyne antibiotics, calicheamicin-γ1I (31) is the 

most prominent, and its mechanism is described below. 
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Figure 1.2.1 A selection of enediyne antibiotics: calicheamicin-γ1

I (31), 
esperamicin A1 (32), and dynemicin A (33). 

 

 The total synthesis of calicheamicin-γ1
I was completed by Nicolaou’s 

group, confirming the structure and absolute configuration shown in Figure 

1.2.1.[17] This molecule contains two main regions:  a sugar residue consisting of 

four monosaccharide units and a hexasubstituted benzene ring, and a non-sugar 

residue containing the enediyne moiety within a bridging 10-membered ring. The 

former region is responsible for intercalation into the minor groove of the double 

helix of the target DNA. The latter region contains the warhead. Calicheamicin is 

specific for 5’-TCCT-3’ and 5’-TTTT-3’ sequences, especially the iodine variant. 

Computational studies confirm the sequence specificity to be largely due to 

halogen interaction with the guanines in the complementary 3’-AGGA-5’ 

strand.[18] The enediyne remains within the 10-membered ring until a nucleophile 

(Nu-) attacks the central sulfur of the trisulfide, a thiol is formed which then 
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undergoes an intramolecular 1,4-addition to the adjacent α-β-unsaturated ketone 

(34) (Scheme 1.2.1).[19] This converts a sp2 bridgehead carbon into a sp3 center 

(35), increasing the ring strain of the enediyne. Finally, the enediyne cyclizes to a 

para-benzyne diradical (36). This is where the H-abstraction of hydrogen atoms 

from the C(4’) and C(5’) positions of cytidines in 5’-TCCT-3’ (38) occur, which 

result in double-stranded scission of the DNA, ultimately leading to its death.[20-23] 

 Unfortunately, the toxicity of enediyne antibiotics is such that they cannot 

be considered for chemotherapy agents in their natural forms. Since the 

discovery of these natural occurring enediynes, insights into the control of the BC 

has been gained in order to exploit it’s potential for therapeutic use.  

 
 
Scheme 1.2.1 Activation mechanism of alglycone site of calicheamicin 31, and 

citidine hydrogens (38) susceptible to homolytic abstraction 
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1.3 Modeled enediynes: towards the understanding and control of the 
Bergman cycloaromatization (BC) 

 

 A vast amount of data has been generated through synthetic-modeled 

enediynes and computational studies to understand and explore the physical and 

energetic requirements of the BC. This is due to the necessity of lowering the 

activation barrier for these systems to cyclize. Because of this, many researchers 

over the past decades have explored the effects of ring strain, metal-ion 

coordination, and conformational and electronic effects in altering enediyne 

cyclization properties in order to design useful enediynes for synthetic or 

medicinal purposes. Selected examples are presented below. 

 

 1.3.1 Ring strain and geometrical effects 

 
 Through the use of molecular mechanics calculations, Nicolaou et al. were 

able to report the saturation of the double bond following intramolecular thiol 

addition to the α,β-unsaturated ketone in calicheamicin-γ1
I, and its effect in 

shortening the distance between the alkynes. Specifically, they reported the 

distance between carbons c and d in 31 to be 3.35 Å, while that of its cyclic 

product 35 to be 3.16 Å (Figure 1.3.1).[24,25]  
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Figure 1.3.1 A shorter cd distance between alkynes in cyclic aglycone 35            

increases chance of spontaneous cyclization relative to acyclic 
aglycone 31. 

 

 The Nicolaou group also performed calculations on several other cyclic 

enediynes (including those proposed by Sondheimer and Masamune,[5,6] and 

discussed in Section 1.1), and proposed the “Distance Theory”: a crucial turning 

point, or critical distance (cd), for spontaneous cyclization at room temperature to 

be in the range of 3.20-3.31 Å. Afterwards, work by Schreiner suggested that this 

range may be extended to 2.9-3.4 Å).[26,27]  

 The synthesis of modeled cyclic enediynes (Figure 1.3.2) provided 

evidence to this trend. Compounds 39 (n = 1-6) with cd distances ranging from 

3.61-4.20 Å were all stable at 25 oC. Compound 40, with cd = 3.25 Å (right in the 

middle of the proposed critical distance range), slowly decomposed. Attempts to 

synthesize 41 were unsuccessful, therefore the claim that its cd distance of 2.84 

Å resulted in spontaneous cyclization. Magnus and Snyder later demonstrated 

the critical factor in determining ease of cyclization to be more accurately 

described as the difference between the relative strain energies of the ground 
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and transition states for the reaction, or “Strain Theory”, though the “Distance 

Theory” is not applicable to complex systems.[28-32] 

 

 

 

 

 
Figure 1.3.2 Modeled enediynes with varying tendencies towards 

cycloaromatization due to cd distances. 
 

 Compound 40 was of special interest, as it was the first synthetic enediyne 

that was stable enough for isolation and characterization, yet reactive enough to 

undergo Bergman cyclization at an appreciable rate at ambient temperature. 

Kinetic studies of this compound determined a half-life to cyclization of t1/2 = 18 hr 

at 37 oC (k = 6.4 x 10-4 min) and an activation energy of Ea = 24.8 kcal/mol.[25] By 

contrast, Bergman had earlier calculated Ea = 27.4 kcal/mol for cyclization of 3,4-

dipropyl-hexa-1,5-diyn-3-ene when it was pyrolyzed with 1,4-cyclohexadiene 

(1,4-CHD) at 190 oC.[33] 

 

 1.3.2 Electronic effects 
 

 There are many reported examples and theoretical predictions of 

geometrical and electronic substituent effects on the cycloaromatization of 

enediynes. Morokuma et al. predicted that electron-withdrawing groups in the 

alkynyl position would reduce the electron density of the alkyne π-orbitals, thus 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   13 

 

lowering the repulsion and activation energies of the reaction.[34] This prediction 

was confirmed by Schmittel et al.[35] in the reaction of compound 42 (Scheme 

1.3.1), where replacement the electron-donating methoxy substituents in 42a by 

electron-accepting nitro substituents in 42c leads to a decrease in the activation 

enthalpy of cyclization (activation entropy is not significantly affected). It was 

presumed that the cycloaromatization is accelerated by electronic stabilization of 

the reaction intermediate. In other words, electron-donating substituents at the 

alkynyl position stabilize the enediyne alkynes and disfavor the 

cycloaromatization. 

 

Scheme 1.3.1 Different reactivities are observed for substituted diaryl enediynes. 

 

 Substitution of the vinyl position has also shown to influence this 

cyclization. Jones et al. have observed significant effects on the half-life of cyclic 

enediynes with chlorine substitution.[36] The monochlorinated analogue 44 can be 

isolated, and its half-life can be measured (t1/2 = 8 hrs at 0 oC). On the other 

hand, the nine-membered parent compound 41 has never been isolated nor its 

half-life measured (as described above) due to spontaneous cyclization. The 
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same trend was observed for ten-membered chlorinated enediynes 44 and 46 

(t1/2 = 18 hrs at 50 oC, and 24 hrs at 170 oC, respectively) compared with the 

parent compound 40 (t1/2 = 18 hrs at 37 oC), (Figure 1.3.3). The stabilizing effect 

of chlorine has been explained by the destabilizing interaction between an in-

plain chlorine lone pair and an occupied in-plane acetylenic orbital.[37] 

 

 

 

  

 

 

Figure 1.3.3 Different reactivities are observed for mono and dichlorinated cyclic 
enediynes compared to its parent compound. 

 

 Benzo-fusion is another form of vinyl substitution. Semmelhack, et al, had 

previously synthesized the benzannulated enediyne 47 and observed the 

formation of tetrahydroanthracene (51) at 84 oC with t1/2 > 10 hrs, in marked 

contrast to the half-life for its parent compound 40 (reported above).[38,39] This 

difference has been rationalized in terms of the amount of resonance energy that 

is released in the formation of tetrahydronaphthalene (49) in comparison to 

tetrahydroanthracene (51), making the latter reaction more endothermic (Scheme 

1.3.2 and Figure 1.3.4).[40,41]  
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Scheme 1.3.2 Difference between unimolecular and bimolecular trapping steps 

due to formation of 50 in equilibrium, while formation of 48 is not. 
 
 
 

 
Figure 1.3.4 Relationship profile of equilibria of 1,4-dehydroarene and its 

corresponding enediyne precursor (ΔH in kcal/mol).[41] 
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 Semmelhack group also noted benzo-fusion influenced which step of the 

BC of 47 becomes rate-determining with the surprising dependence on the 

concentration of 1,4-CHD, in contrast with the parent enediyne 40. The retro-

Bergman of 50 to 47 has a comparable rate as the trapping reaction, so the 

trapping becomes rate-determining. Cycloaromatization of 40 to 48 is 

irreversible, thus rate-determining and independent of concentration of 1,4-CHD. 

Another explanation for this observation is based on the assumption that the 

benzo-fusion induces a considerable splitting of the singlet–triplet energy of the 

diradical, which could lead to a reduction in the rate of hydrogen abstraction in 

the singlet ground state.[42,43] Also, a theoretical study supports that an increase 

in the rate of the retro-Bergman causes the change in the rate-determining 

step.[44] 

 

 1.3.3 Metal ion coordination effect 
 

 Researchers, over the past years, have explored the effects of metal 

coordination or introduction of metal fragments at various positions of the 

enediyne to tune the BC. A review by Basak summarizes many examples of 

chelation-controlled Bergman cyclizations,[45] and here are some examples. 

Buchwald et al. demonstrated the dramatic effect on thermal reactivity due to a 

metal coordinating with the phosphines of bisphosphino enediyne 52.[46] When in 

a complex with either Pt(II) or Pd(II), cyclization occurs at much lower 

temperatures: 61 oC and 81 oC, respectively; with no metal, 52 cyclizes at 243 oC 
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(Scheme 1.3.3). A surprisingly different result was obtained when 52 was 

coordinated to Hg(II) (53c) where cyclization was not observed even with heating 

up to 450 oC. It was suggested the metal imparts such great stability to the 

enediyne. 

 Metal-ion binding can impose structural consequences upon the enediyne 

ligand. Zaleski et al. were able to show Pd(0) metallacycle 55, a tetrahedral  

molecule, underwent Bergman cyclization at 209 oC (Figure 1.3.5) in contrast to 

the reactivity of complex 53a reported by Buchwald (presented above). It has 

been speculated that the square planar geometry of d8 with P-Pd-P angle close 

to 90o in 53a is facilitating the cyclization. [47] 

 

 
Scheme 1.3.3 Bergman cycloaromatization of metal-complexed bisphosphino 

enediynes and its comparison to their parent enediyne 52. 
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Figure 1.3.5 Geometry about these Pd (II) centers result in different 

temperatures for the cycloaromatization to occur. 
 

 
 The activation barrier for BC can be lowered through a change in 

conformation on metal binding. An example of this was demonstrated by König et 

al.[48] , where in the absence of a metal-ion complexation, enediyne 56 exists in 

the trans conformation, which forces the terminal acetylenic carbons to be far 

apart. Upon metal-ion binding, bipyridylenediyne 56 changes into a cis 

conformation, which allows the pyridyl ligands to coordinate to the metal ion, and 

where the distance of the acetylenic carbons decreases. The thermal stability of 

56 and its Hg(II) complex 57 was shown to be significantly different (237 °C, and 

145 °C, respectively; Scheme 1.3.4).  

  

 
Scheme 1.3.4 Mercury (II) coordination to enediyne 56 lowers the temperature 

required for cycloaromatization by ~ 100 oC.  
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 O’Connor et al. demonstrated that metal coordination to the π-system of 

enediynes may lower their barrier to cycloaromatization.[49-51] But the story 

started with an approach to control the cycloaromatization by a metal-ene 

coordination in benzo-fused enediynes. Semmelhack et al. showed heating a 

solution of 3,4-benzcyclodeca-1,5-diyne-3-ene (47) in benzene and 1,4-CHD at 

84 oC to give tetrahydroanthracene (51) with a t1/2 = 24 hrs (see Section 

1.3.2).[39,40] O’Connor’s group also observed cycloaromatization of 

benzoenediyne 47 at 100 °C in nitromethane-d3 and 1,4-CHD for 18 days. They 

hypothesized η6-coordination of a metal to the aromatic ring should retard the 

BC. When ruthenium complex 58 was put under the same conditions (or under 

photochemical conditions), no cycloaromatization product was observed 

(Scheme 1.3.5).[49]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1.3.5 Ruthenium complex 59 does not undergo cycloaromatization in 

comparison with its parent enediyne 47. 
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 But during the preparation of complex 59 in the presence of 

[Cp*Ru(NCCH3)3]OTf (61) in THF at room temperature, complex 62 was also 

observed in approximately 8% yield. It was presumed its formation to go through 

a metal coordination of 61 to the π-system of the enediyne and subsequent 

cycloaromatization. They were able to order rule out the possibility of a small 

amount of 47 cyclizing independently to 51 and it getting scavenged by the metal 

by adding areneophile 61 to a solution of tetrahydroanthracene. The metal 

coordinated exclusively to the outside ring, forming 60 but no 62, thus suggesting 

Ru (II) coordination to the π-system of 47 lowers the cycloaromatization energy 

barrier to afford 62 at room temperature (Scheme 1.3.6). 

 

 
Scheme 1.3.6 Ruthenium (II) coordination to benzoenediyne 47, and to 

tetrahydroanthracene 51.  
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 Finally, the O’Connor group was able to study this reaction further and 

observed even acyclic enediynes cyclizing efficiently at room temperature by 

either [Cp*Ru(NCCH3)3]OTf (or PF6) or its CpRu+ analogue.[50,51] 

 The ability to control the diradical formation through metal-coordination to 

the π-system of enediynes has made the BC an even more interesting reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   22 

 

1.4 Naturally occurring haloaromatics, and their mechanism for halide 
incorporation 

 

 Naturally occurring halogenated natural products can be widely found, and 

have long attracted researchers’ attention owing to their medicinal properties.[52]  

Few iodinated natural products include a circulating form of mammalian thyroid 

hormone tetraiodothyronine (63),[53] and calicheamicin-γ1
I (31) which owes much 

of its DNA binding affinity to the presence of a halide in its aryloligosaccharide 

moiety (see Section 1.2).[54,55] Some brominated natural products include α-

snyderol (64) and convolutamine A (65), which are typically produced by marine 

organisms.[56-58] Some chlorinated natural products include chlorotetracycline 

(66) and rebeccamycin (67) from Streptomyces.[59-61] There are also fluorinated 

natural products including the toxic fluorocitrate (68), and nucleocidin (69), an 

antibiotic also isolated from Streptomyces calvus.[62,63] There is a relatively small 

number of these ones compared to the vast array of Cl-, Br-, and I-containing 

haloaromatics, perhaps due to the difficulty of construction of the C–F bond by 

enzymes from highly nucleophilic and heavily water-solvated fluoride.[64] Figure 

1.4.1 shows the structure for these natural products. 
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Figure 1.4.1 A small selection of halogenated natural products. 

 
 Naturally occurring haloaromatics have also long attracted attention due to 

researchers’ curiosity to understand nature’s machinery for their biosynthesis. 

Organisms synthesize haloaromatics through the action of two classes of 

enzymes: haloperoxidases and halogenases. [52] Haloperoxidases allow 

nucleophilic attack by electron-rich aromatic rings at electrophilic halides (-OX 

entities) generated by halide attack to a high-valent metal-oxo species. [65,66] 

These –OX entities are generated by either a heme[67] or vanadium,[68] and 

hydrogen peroxide. Halogenases allow halide additions at saturated carbons. 

These also rely on oxidations for their activity, the use of either FADH2
[60] or non- 

heme Fe (II), [69] and O2. FADH2-dependent halogenases promote halogenation 

through the formation of electrophilic halogen species,[70] and non-heme Fe (II),  
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halogenases generate halogen radicals through homolytic oxidation pathways, 

and subsequent reaction with carbon radicals.[71-73]   

 Halogen oxidative mechanisms appear to be the major pathways for 

enzyme catalytic halogenation. Nature could also use halogenation pathways 

involving the nucleophilicity of abundant halide anions to carbon centers. 

Interestingly, it is not mentioned in the general halogenation pathways described 

above. Indeed, halides can add to electrophilic carbons, but there are very few 

carbon-based electrophiles in biological systems, thus this mechanism is rare 

and unknown for haloaromatics.[52] Fenical et al. reported cultivation of several 

strains of a new actinomycete genus, Salinospora, where further examination of 

these strains resulted in the isolation of several macrolides: cyanosporasides A 

and B (70a and 70b) and sporolides A and B (71a and 71b; Figure 1.4.2).[74,75]  

 

Figure 1.4.2 Cyanosporasides A and B (70a and 70b) and sporolides A and B  
(71a and 71b) discovered by Fenical et al. 
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 Both pairs of sporolides and cyanosporasides are regioisomers, and their 

difference is simply the positions of hydrogen and chlorine are interchanging in 

their halogen-substituted arene. Fenical suggested that 70a and 70b come from 

an enediyne precursor (and that 71a and 71b may be similarly derived) due to 

the structure similarity of the cycloaromatization product of naturally occurring 

enediyne C-1027 (72), which contains a cyclopenta[α]indene ring system as 

same as the cyanosporasides possess a chloro-substituted cyclopenta[α]indene 

ring system (Figure 1.4.3). Fenical also suggested Cl- from seawater to be the 

source of chlorine for the formation of sporolide and cyanosporaside pairs.[76] 

 

 

 

 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
Figure 1.4.3 Similarity between cyclopenta[α]indene ring of cycloaromatization 

product 73 derived from enediyne C-1027 (72), and cyanosporaside 
70 derived from suggested precursor 74. 
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Scheme 1.4.1 Possible partial biosynthetic pathway to cyanosporasides A and B. 

 

 Both sporolide and cyanosporaside isomers exist in a 1:1 ratio. The para-

benzyne diradical derived from an enediyne reacts with halogen sources, but as 

radical species (see Section 1.1; Scheme 1.1.7). Thus, if diradical 75 were 

reacting with Cl-, evidence of a dichloro cyanosporaside would be extremely 

likely, but dichloro analogues for 70 and 71 were not found.   

 C. L. Perrin became interested in this topic because the abstraction of 

exactly one hydrogen and one chlorine by a para-benzyne seemed very unlikely, 

and proposed a new mechanism, which will be described in detail in the next 

section. 
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1.5 Nucleophilic addition to a para-benzyne: a new mechanism for halide 
incorporation into natural products 

 

 Addition of chloride or other halides to a para-benzyne had never been 

proposed before. There are similar analogies which include additions to the triple 

bond of o-benzynes.[77] Other examples are gas-phase additions to cationic meta- 

and para-benzynes,[78-80] and the addition of ethanol to 9,10-dehydroanthracene 

(76), which was proposed to occur via opening to a benzotrienediyne (79; 

Scheme 1.5.1).[ [81] But perhaps the para-benzyne abstracts a hydrogen atom 

from ethanol, rather than adding ethanol as a nucleophile.[82] 

 
Scheme 1.5.1 Proposed mechanism for formation of 79 via nucleophilic addition 

to benzotrienediyne 77 derived from diradical 76. 
 

 The closest analogy to halide addition to a para-benzyne is the SRN1 

reaction,[83] where an anionic nucleophile Nu- adds to an aryl radical Ar•, to form 

the radical anion [ArNu]•- (Scheme 1.5.2). The reaction requires strong 

nucleophiles, like amide ion NH2
-. For weaker nucleophiles, such as X-, the 

addition to Ar• is thermodynamically unfavorable. Instead, a favorable reaction is 

the unstable [ArX]•- dissociating to Ar• + X-. A combination of these two steps 

establishes a chain reaction that, once initiated, converts ArX to ArNu.  
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Scheme 1.5.2 Mechanism for SRN1 substitution. 

 

 The instability of [ArX]•- would suggest that addition of X- to a para-

benzyne would also be unfavorable thermodynamically. Besides, para-benzyne 

diradicals are usually less reactive than aryl radicals due to orbital interactions 

that stabilize the diradical.[84] However, the analogy is imperfect, because the 

unpaired electron of [ArX]•- is antibonding, in a π* or σ* orbital, whereas addition 

of X- to a para-benzyne would create an anion with all electrons paired in σ 

orbitals. Perrin et al. had enough thermodynamic data that supported halide 

additions to be highly exothermic, which encourage them to explore the 

possibility of this new possible pathway for haloaromatic biosynthesis. To explain 

the unusual incorporation of hydrogen and chlorine in 70(a-b) and 71(a-b), they 

proposed a nucleophilic attack of halide to a para-benzyne to generate an aryl 

anion that is trapped in situ by a proton donor.[85] They used cyclodeca-1,5-diyn-
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3-ene (40) for their studies, since its 10-membered ring has sufficient strain that 

cyclization to para-benzyne 48 occurs at a convenient rate on slight heating (see 

Section 1.3).[25] Nucleophilic attack by halide on 48 lead to an aryl anion (85, X = 

Cl, Br, I), which is readily protonated to give 1-halotetrahydronaphthalene (86; 

Scheme 1.5.3). 

 

 
Scheme 1.5.3 Proposed mechanism for haloaromatic formation of 86 via halide 

addition to para-benzyne 48 derived from enediyne 40. 
 

 They showed that heating 40 in the presence of halide source and an acid 

(to provide a proton source, as needed to balance the chemical equation) in 

DMSO-d6 does indeed produce 86 and that the kinetics are consistent with rate-

limiting cycloaromatization of the enediyne 40 to para-benzyne 48 that is 

captured by halide. The kinetics show a rate constant of (1.38 ± 0.12) x 10-5 sec-1 

at 37 oC, zero order in both halide and acid, and even independent of whether 

the halide is Cl-, Br-, or I-.  

 Alternative mechanisms can be excluded. Since reaction is zeroth order in 

X- and in acid, this excludes the direct addition of HX across the triple bonds [86,87] 

as well as nucleophilic addition to the enediyne.[81] The mechanism cannot 

involve reversible protonation of 40, followed by rate-limiting cyclization to an aryl 

cation, because this would require the rate to depend on acidity. The mechanism 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   30 

 

cannot involve retrocyclization of 48 to 1,2-diethynylcyclohexene,[88] followed by 

protonation or halide addition, because this too would be first order in acid or 

halide. Electron transfer from X- to para-benzyne can be rejected, because it is 

endothermic by >170 KJ mol-1.[89] Electron transfer to enediyne 40 is also 

thermodynamically unfavorable.[90] A reversal of the order of nucleophilic addition 

and protonation in Scheme 1.5.3 can be excluded by the observation of 

deuterium incorporation from DMSO-d6, which is a sufficiently strong acid to trap 

the aryl anion but would never convert the para-benzyne to a phenyl cation. 

 As mentioned above, this new pathway contrasts the usual reactivity of 

diradicals, which proceeds via homolytic atom abstraction, and also contrasts 

ordinary electron-pushing, since there is combination of a two-headed arrow and 

a single-headed arrow (pushing two electrons and one electron, respectively; see 

Scheme 1.5.3). Alternatively, because the diradical 48 is generated as a 

singlet,[91] these two electrons are paired and can be considered as forming a C–

C bond across the ring. The bond is actually an antibond, with a node between 

the two atomic orbitals, as in 87, owing to stabilizing interactions of the HOMO 

with other σ orbitals.[92] Then the nucleophilic addition becomes an SN2 reaction 

(88), with the opposite carbon as leaving group. Regardless of how the pathway 

is rationalized, this represents a new reaction. 
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 Figure 1.5.1 compares the orbital-correlation diagrams for the SRN1 

reaction and the nucleophilic addition to a para-benzyne diradical proposed by 

Perrin et al. For the SRN1, an electron transfer from σ to π* does not conserve 

orbital symmetry but proceeds along a dotted diagonal to σ*. Consequently an 

energy barrier is created (although in some cases, with electronegative X, the σ* 

orbital lies below the π*).[93] In contrast, no symmetry barrier arises in the addition 

of Nu- to a para-benzyne diradical because the HOMO of the reactant, although 

antibonding between the carbon centers, as in 87,is σ, and proceeds along the 

horizontal dotted line to the σ lone pair in the product.  

 

Figure 1.5.1 Orbital-correlation diagrams for Ar• + X-, and for para-benzyne + X-. 
 

 Perrin’s calculations[85] indeed prove that X- addition to para-benzyne is 

exothermic, not only in the gas phase, but also in water. Moreover, the calculated 

energy of interaction between Cl- and 87 (in the gas phase) showed no activation 
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barrier. Of course, this ignores the necessity of desolvating the ion, which is 

expected to create a barrier. 

 Variations in the extent of deuterium incorporation on 86 represented an 

interesting manifestation of selectivity in the reactions of aryl anion 85. The 

deuterium content of 85 is observed to increase in the order of X = I < Br < Cl. 

The source of deuterium was DMSO-d6, and the fact that solvent can compete 

with the added carboxylic acid demonstrated that the intermediate a very strong 

base. This gave more evidence to the proposed mechanism. It was suggested 

the changes in deuterium content with halide were too large to be due to 

substituent effects of halogens on the basicity and selectivity of the para lone pair 

of 80, but these arising through hydrogen bonding of X- to the added acid. This 

would reduce its reactivity, relative to that of solvent. And since H-bonding 

increases from I- < Br- < Cl-, the effectiveness of DMSO-d6 also increased in this 

order. 
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1.6 Proposal 
 

 In light of the previously described results in Section 1.5, we propose to 

prepare enediyne 40, on the premise that the para-benzyne 48 would also react 

with anionic nucleophiles other than halides. We would then explore the role of 

solvation in creating a barrier towards nucleophilic addition. A barrier-free 

reaction (like gas-phase calculations suggested) would be encounter controlled, 

and all nucleophiles would react at the same rate. However, in experiments 

where two nucleophiles compete for the para-benzyne intermediate, different 

nucleophiles are expected to react at different rates. Relative reactivities could 

then be measured by assaying product ratios, and a reactivity scale based on 

ease of solvation could be established.  

 The fact that solvent can compete with added protic acid demonstrated 

that the intermediate is a very strong base. By measuring relative kinetic acidities 

of solvent and protic acid, we could have a better understanding of the selectivity 

of aryl anion generated after Nu- addition to para-benzyne. These can be 

measured by assaying the deuterium content of the product. We will explore 

whether there is selectivity in this abstraction, whether this abstraction is affected 

by counterion, and differentiate intermediate 85 from other intermediates with 

carbanionic character. Also, we will explore other alternatives to hydronation for 

this capture by electrophiles. The following two chapters will intend to keep 

defining the non-radical chemistry of this diradical. 
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Chapter 2 

Relative reactivities in nucleophilic additions to a para-benzyne diradical 
derived from an enediyne 
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2.1 Introduction 

 
 Naturally occurring enediynes have aroused much interest, owing to their 

medicinal properties as antibiotic and anticancer agents.[1-3] The enediyne subunit 

acts by cycloaromatizing to a para-benzyne diradical, as observed by Bergman in 

his studies involving cycloaromatization of acyclic (Z)-enediynes: [4] This is a 

process used by nature to generate a reactive species that can damage genetic 

material.[5] Much research has been conducted towards understanding the 

behavior of para-arynes and towards gaining control over the triggering of the 

cycloaromatization reaction, with the aim of making it better suited for medicinal 

applications. Unfortunately, no studies have been conducted in order to 

understand and explore their reactivity on the biosynthesis of different natural 

products as in the formation sporolides A/B and cyanosporasides A/B (1a, 1b, R 

= 3-oxo-4-methyl-ß-fucosyl), where it has been suggested that these are derived 

from a para-benzyne intermediate (2) (Scheme 2.1.1). [6,7] 

 

 

Scheme 2.1.1 Cyanosporasides A and B (1a, 1b) and their suggested enediyne 
precursor (2). 
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 Our group previously showed a new method for the incorporation of 

halogens to aromatic rings and its mechanism, which accounts for the 

biosynthesis of sporolides and cyanosporasides and their isolation as 1:1 

mixtures of regioisomers: a nucleophilic addition of a halide to a para-benzyne 

diradical (4), formed by Bergman cycloaromatization of an enediyne.[8] We 

showed that cyclodeca-1,5-diyn-3-ene (3), in the presence of lithium halide and a 

weak acid (RCOOH), is converted to 1-halotetrahydronaphthalene (6). Notice the 

combination of electron-pushing arrows for both two-electron and one-electron 

movements in Scheme 2.1.2. Kinetic studies have shown the rate-determining 

step of this reaction to be the cycloaromatization of enediyne 3, and the rate of 

reaction to be the same for Cl-, Br-, and I- as nucleophiles.  

 

 
Scheme 2.1.2 Proposed mechanism for haloaromatic formation via halide 

addition to the para-benzyne diradical (4) derived from cyclodeca-
1,5-diyn-3-ene (3). 

 

 Previously, our group reported thermodynamic data including ∆Ho, the 

standard (gas-phase) enthalpies of X- additions to para-benzyne 4, ∆Go, the 

standard free energies of X- additions to 4 in water at 25 oC, and ∆E, the B3LYP-

calculated gas-phase energies of nucleophilic addition to 4. These showed that 
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the halide additions are all very exothermic and favorable thermodynamically 

even in water (Table 2.1.1). 

 

Table 2.1.1 Energetics (kJ/mol) of nucleophilic addition to para-benzyne 4, to 
form an aryl anion 5. 

 
Nucleophile (Nu) -∆Ho a -∆Go b -∆E c 

I- 84 101 - 

Br- 103 81 - 

Cl- 128 84 216 

F- 274 104 550 

HO- - - 570 

H2O - - - 35 

a Experimental, gas-phase; b experimental, aqueous; c calculated, gas- phase.[8] 

  

 Moreover, our group performed ab initio density functional theory 

calculations on the energy of interaction between para-benzyne diradical 4 and F-

, Cl-, HO-, or H2O at the B3LYP/6-31G(d,p) level, which showed no activation 

barrier.[8] Figure 2.1.1 shows the computed energy of interaction between Cl- and 

4 (in the gas phase). Of course, this ignores the necessity of desolvating the ion, 

which does create an energy barrier. 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   44 

 

   

 

 

 

 

 

 

 

 

 

Figure 2.1.1 B3LYP/6-31G(d,p) energy of interaction of Cl- with para-benzyne 
(4), to form 4-ClC6H4

-, versus C-Cl distance d. The smooth curve is 
a fit to 1/d3, corresponding  to attraction between an ion and an 
induced dipole.[8] 

 

 Recently, we reported UBPW91/6-311G+(d,p) calculations with the 

command Guess=(Mix,Always) to account for the diradical nature, and these also 

showed that the addition of Cl- to para-benzyne 4 is exothermic by 37 kcal/mol, 

and proceeds with no activation barrier.[9] Figure 2.1.2a showed the calculated 

energy diagram for this addition. Again, this is a gas-phase calculation that 

ignores solvation, and thus overestimates exothermicity. Indeed, our UBPW91/6-

31+G(d) calculations, with the polarizable continuum model for simulating the 

solvent effect of DMSO, showed an exothermicity of only 18 kcal/mol and with an 

energy barrier of ~ 5 kcal/mol, as shown in Fig. 2.1.2b. 
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Figure 2.1.2 Calculated energy diagrams for reaction of Cl- with para-benzyne 4: 
(a) UBPW91/6-311G+(d,p) gas-phase; (b) UBPW91/6-31+G(d) in 
DMSO.[9] 

 

 As a further example of the importance of ionic solvation, the gas-phase 

addition of neutral NH3 to para-benzyne 4 was calculated to be exothermic by 

only 6 kcal/mol, with a 6 kcal/mol barrier. The absence of a barrier, other than 

that due to solvation, in addition of halide to a para-benzyne accounts for the lack 

of regioselectivity in the formation of sporolides A and B and cyanosporasides A 

and B.[8] 
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 Addition to either carbon of diradical 4 is equally likely. However, a barrier-

free reaction would be encounter controlled, and all nucleophiles would be 

expected to react at the same rate. In experiments with a single nucleophile, all 

nucleophiles do react at the same rate, because the rate-limiting step is the 

cyclization of 3 to the para-benzyne 4. However, in experiments where two 

nucleophiles compete for 4, different nucleophiles react at different rates. As 

mentioned above, the apparent absence of an energy barrier in Fig. 2.1.2a is an 

artifact due to calculations that ignore solvation. To react, a nucleophile must 

undergo desolvation, which introduces an energy barrier, as suggested in Fig. 

2.1.2b. As a result, the more strongly solvated nucleophiles are expected to react 

more slowly, and less well-solvated nucleophiles to compete more effectively for 

para-benzyne 4.  

 Different reactivities for different nucleophiles should be observed if we put 

them to compete towards the diradical. Still, some questions remain: does this 

reaction work only for halides, or is it possible to incorporate other nucleophiles 

by their reaction with the diradical intermediate? Then, what would be the relative 
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reactivity of various nucleophiles if we put them to compete with each other 

toward diradical 4? In our interest to keep exploring and defining the non-radical 

chemistry of diradical 4 with anionic nucleophiles, we decided to use some 

common ones to understanding the role of solvation in creating a barrier towards 

nucleophilic addition. 
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2.2 Results 

 
2.2.1 Nucleophilic additions to para-benzyne 4.  

 
We performed nucleophilic additions with enediyne 3 and 

tetrabutylammonium (Bu4N+) salts including iodide (I-), bromide (Br-), cyanide 

(NC-), azide (N3
-), thiocyanate (NCS-), nitrate (NO3

-), and nitrite (NO2
-) in CD3CN 

at 55 oC for 10 hours. These preliminary reactions were carried out in order to 

identify and confirm Nu- addition products by 1H NMR and GC-MS. 

Tetrabutylammonium salts were used since they dissolve readily in CD3CN, 

unlike some Li+, Na+, and K+ salts. As observed before in our group,[8] halides 

(excluding F-) react with the para-benzyne to afford 1-halotetrahydronaphtalenes 

(6). Only two signals (doublets) were observed between δ 6.8 and 7.6 in the 1H 

NMR spectra, indicating complete D-incorporation in CD3CN. Moreover, other 

anionic nucleophiles react with the diradical intermediate; incorporation of NC-, 

N3
-, and NCS- was also observed. GC–MS analysis showed volatiles with m/z 

corresponding to M+ = C10H10(Nu)D (mass spectra can be found in the Appendix 

C). We were able to assign the peaks in the aromatic region for each of the 

afforded products. Table 2.2.1 shows these along with absolute product yields for 

each Nu- addition.  
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Table 2.2.1 1H NMR chemical shifts (ppm) and absolute yields of 1-(Nu)tetra-
hydronaphthalene-4-d products (6) from Nu- addition to the para-
benzyne (4) derived from cyclodeca-1,5-diyn-3-ene (3) in CD3CN. 

 

 

 

 

 

Products from addition of NO3
- and NO2

- were not observed; perhaps 

these products do not volatilize or do not survive the GC analysis. Still, we were 

not able to observe these by NMR. The NO3
- product, if formed, could possibly 

be undergoing Fries rearrangement to afford a 2-nitro-1-tetrahydronaphthol. After 

a basic work-up, this product should be detectable by UV spectroscopy, since it 

will present a distinctive band in the spectrum, but none was detected. So far, no 

evidence whatsoever has been gathered to support NO3
- adding to diradical 4. 

Also, we have failed in all our attempts of incorporating F- and other anionic 

nucleophiles (RO-) to diradical 4 (explained in detail in Section 2.5). 

 Because the formation of 1-(Nu)tetralin (6) consumes NuH, the reaction 

produces an equivalent of base, which might complicate the reaction by acting as 

an additional nucleophile. We showed that the aryl carbanion generated following 

Nu- addition is capable of abstracting a deuteron from CD3CN or DMSO-d6 even 

Chemical Shift 

Substituent (Nu) δ Hortho δ Hmeta 

% Yield 

(± 5%) 

Iodide (I-) 7.64 6.79 96 

Bromide (Br-) 7.32 6.95 87 

Azide (N3
-) 7.10 6.95 80 

Cyanide (NC-) 7.43 7.19 83 

Thiocyanate (NCS-) 7.43 7.18 90 
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in the presence of an H-donor.[8,9] In preliminary studies, to avoid this and to 

establish buffered conditions once the reaction started, acetic acid (AcOH; 50 

mM) was included. But even though the reaction would produce an equivalent of 

Nu- = AcO-, the AcO- is not able to compete with the added Nu- for reaction with 

diradical 4. In fact, in experiments where Bu4NOAc was added, only traces of the 

expected product were observed by GC. Reactions carried out without AcOH did 

not show products incorporating -CD2CN, even though its formation is confirmed 

due to D incorporation observed in all the products. 

 It is of great importance to highlight the observation of D incorporation in 

the products afforded after Nu- additions since this not only brings more evidence 

to our proposed mechanism but also helps to characterize products and 

determine relative reactivities between nucleophiles by 1H NMR. Only two 

doublets are observed between δ (7.6 – 6.7) ppm for all the products, as a result 

of D incorporation at the para position, except for some I- additions where a weak 

doublet is barely observed at δ 7.05 ppm, between the other two signals, 

corresponding to very little protium incorporation (≤ 10 %). This observation is the 

same with and without the addition of RCOOH in the reaction mixtures. The 

extent of H incorporation seems to be independent of the concentration of added 

RCOOH, but dependent on H2O content. Again, the reaction would still produce 

an equivalent of HO-, but HO- is not able to compete with the added Nu- towards 

the diradical. Experiments with added Bu4NOH did not afford the expected 

tetrahydronaphthol product.  
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The N3
-, NC-, and NCS- products were also characterized by IR (IR 

spectra can be found in the Appendix C). The N3
- product shows an intense peak 

at 2108 cm-1 (common for –N=N+=N-).[10a] The NCS- and NC- are ambident 

nucleophiles, so depending on the stretching band of their corresponding 

products we could determine whether the N, the S or the C gets attached to the 

ring. We observed an intense peak at 2157 cm-1 for product 4-SCN (common for 

–SCN,[10b] not –N=C=S, which would appear around 2085 cm-1). We observed an 

intense peak at 2226 cm-1 for product 4-CN (common for –CN,[10c]  not –NC, 

which would appear around 2150 cm-1). 

In some of the I- additions, a singlet at δ 7.4 was observed. We suspected 

two iodines incorporating to the product, leading to equivalent protons. After 

analyzing the reaction mixture by GC-MS, we confirmed this result since the 

mass matched the expected mass for a diiodo byproduct (384 m/z). Additional 

experiments were done in CD3CN with added I2 in the presence of Bu4NI, and 

1,4-diiodotetrahydronaphthalene (7) was observed even before heating the 

reaction mixture. 1H NMR analysis showed 14 % conversion of 7, and depletion 

of 3 to be 16 % immediately after preparing the sample. After 10 hours, sample 

analysis after heating showed 92 % completion, and 91% yield of product 7. 

 

 2.2.2 Competition experiments between nucleophiles toward para- 
benzyne 4.  
 

 Table 2.2.2 shows the product ratios for the different competition 

experiments performed. These were consistent for every analysis, and within 
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small experimental error owing to possible errors in integration in 1H NMR and 

GC-FID analyses. Product ratios also show there is a good agreement between 

values measured by both analyses. 

 

Table 2.2.2 Product ratios from addition of nucleophiles to the para-benzyne 
diradical 4 derived from cyclodeca-1,5-diyn-3-ene (3). 

 
Product ratio 

[6-Nu]/[6-Nu] 
Competing 

nucleophiles 
[Nu-]/[Nu-] 

NMR FID 

I- vs NCS- 1 : 3 3.4 3.0 

1 : 3 8.6 9.5 
I- vs Br- 

1 : 5 5.1 4.7 

NCS- vs Br- 1 : 1 2.5 3.0 

Br- vs N3
- 1 : 1 1.0 1.6 

Br- vs NC- 1 : 1 1.5 1.2 

 

 Aromatic region of representative 1H NMR spectra that reveal the product 

ratios of 1-(Nu)tetrahydronaphthalenes in binary mixtures of known ratios of 

nucleophiles can be found in Section 2.5 and Appendix C.  

 Table 2.2.3 shows the relative reactivities for the different competition 

experiments performed. Some of these values were combined to evaluate 

indirectly additional relative reactivities (see Section 2.5). Some of these values 

could not be measured directly by product ratios, because of overlapping signals 
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in the NMR spectra. This is the case for NCS- versus NC-. Also, attempts to 

measure product ratios for NCS- versus N3
- were unsuccessful, but we were also 

able to calculate this relative reactivity indirectly. 

 

Table 2.2.3 Relative reactivities of nucleophiles towards the para-benzyne 
diradical 4 derived from cyclodeca-1,5-diyn-3-ene (3). 

 
Nu- Nu- NCS- Br- N3

- NC- Cl- 

I- 1 
9.6 ± 0.8 a 

9 ± 1 b 

26 ± 2 a 

26 ± 3 c 
34 ± 11 f 35 ± 6 g >>> 20 

NCS-  1 
2.8 ± 0.4 a 

2.7  ± 0.3 d 
4 ± 1 i 3.7  ± 0.8 h > 20 

Br-   1 1.3 ± 0.4 a 1.4 ± 0.2 a 20 j 

N3
-    1 1.0 ± 0.4 e < 20 

NC-     1 <<< 20 

Cl-      1 

kNu-/kNu- 

From: a eq 2; b eq 3; c eq 4; d eq 5; e eq 6; f eq 7; g eq 8; h  eq 9; i eq 10; j derived 

from data presented in reference 8.  

 

For all of the competition experiments performed, I- is found to be the most 

reactive nucleophile towards the para-benzyne 4. Even for such a good 

nucleophile as NCS-, its competition with I- shows 1-iodotetrahydronaphthalene 

(6-I) as the major product. Products from incorporation of Br-, N3
-, or NC- were 
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not observed in the 1H NMR when competing in 1:1 mol ratio with I-. Traces of 

them were observed in the GC-MS. After increasing the number of equivalents of 

the poorer nucleophile (i.e. 5 equiv. of Br-; 3 equiv. of NCS-) product from 

incorporation of these nucleophiles could be detected, but the ratio still favors 6-I. 

The Br- versus NCS- competition shows 1-thiocyanotetrahydronaphthalene (6-

SCN) as the major product. The Br- versus NC- competition shows that these 

nucleophiles have similar reactivity towards diradical 4, as does the Br- versus 

N3
- competitions. 

 We evaluated the relative reactivities of nucleophiles by using equations 3 

to 10 combined with the direct relative reactivities from equation 2 (summarized 

in Table 2.2.3). These show I- reacting ~ 9 times as fast as NCS-, ~ 26 times as 

fast as Br-, and ~ 35 times as fast as NC- and N3
- towards diradical 2. NCS- 

reacts ~ 3 times as fast as Br-, and ~ 4 times as fast as NC- and N3
-. Br- shows a 

similar reactivity as NC- and N3
- towards diradical 4. Relative reactivities are the 

same, within a very small experimental error, regardless of whether they are 

measured directly using eq 2 or measured indirectly via eq 3 to 10 (equations 

can be found in Section 2.5). 

 

 2.2.3 Iodide additions to para-benzyne 4 in H2O–CD3CN mixtures. 

 
  Yields of 1-iodotetrahydronaphthalene from the addition of I- to the para-

benzyne 4 often reached >95%, at low [enediyne] and high [iodide]. Quantitative 

yields of a single product are rare and perhaps unique in para-benzyne 
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chemistry, owing to polymerization.[11] Previously, we mentioned that UBPW91/6-

31+G(d) calculations, with the polarizable continuum model for simulating the 

solvent effect, show a decrease in exothermicity because of stabilization of 

reactant Nu- by ionic solvation.[9] Moreover, the necessity for desolvating Nu- is 

calculated to create an energy barrier and retard reaction with the para-benzyne 

4. Therefore a lower reactivity for nucleophilic addition should be expected 

relative to formation of polymeric byproduct on increasing the ionic solvation, 

leading to a decrease in product yield. We performed I- additions to para-

benzyne 4, to test whether product yield decreases with an increase of the 

concentration of H2O. Iodide (I-) was selected as the Nu- source since it affords 

higher yields and competes more effectively for para-benzyne 4 compared to 

other nucleophiles.  

 Figure 2.2.1 shows a plot of % yield and % D of 6-I versus H2O–CD3CN 

ratio. A decreasing yield of 6-I is observed with the addition of H2O to the 

reaction mixtures. The byproduct, whose formation is responsible for the 

decreased yield, shows no 1H NMR signals. It is suspected to be a polymer that 

tumbles slowly, consistent with what has been observed for the reaction of other 

enediynes.[8,12] The plot also shows a decreasing D content in 6-I with the 

addition of H2O to the reaction mixtures. 
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Figure 2.2.1 Absolute yield and % D of 1-iodotetrahydronaphthalene (6-I) in 

iodide additions to the para-benzyne (4) versus H2O–CD3CN ratio 
(data from Table 2.2.4 below). 
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Table 2.2.4 % Yield and D content of 1-iodotetrahydronaphthalene (6-I) in 
iodideadditions to para-benzyne (4) in mixtures of 1.00 mL CD3CN 
and added H2O. 

 

Vol. H2O   [H2O] a [CD3CN] % Yield b % D c 

0 µL b 19.06 M 99 % 92 % 

25 µL 1.59 M 18.59 M 96 % 60 % 

50 µL 2.87 M 18.15 M 89 % 45 % 

75 µL 4.10 M 17.73 M 84 % 35 % 

100 µL 5.26 M 17.32 M 79 % 29 % 

a Including residual. b Evaluated from NMR integration relative to internal 

standard. c From the deficiency of intensity of the doublet of Hpara at δ 7.07, 

relative to the intensity of the Hortho doublet at δ 7.64. 

 

 

 

 

 

 

 

 

 

 

 

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   58 

 

2.3 Discussion 

  
 2.3.1 Nucleophilic additions to para-benzyne 4.  

  
 We are capitalizing on the ionic mode of reactivity of a neutral all-carbon 

system by studies to the formation of para-benzyne 4 in the presence of some 

common nucleophiles in solution. Our results represent the first examples of 

addition of anionic nucleophiles, other than halides, to a para-aryne to afford 1-

(Nu)arenes. The remarkable result is that this reaction represents a new method 

for arene functionalization in the chemical laboratory. Our results are notable 

because anionic nucleophiles, such as NC-, NCS- and N3
-, have rarely been used 

in nucleophilic addition reactions to arynes in general. To our knowledge, only 

two examples of NC- addition to ortho-arynes have been reported.[13]  

 

2.3.2 Observation of diiodo product in I- additions to para-benzyne 4 

 
 In some of the I- additions, some formation of 1,4-

diiodotetrahydronaphthalene (7) was observed. Experiments with added I2 in the 

presence of Bu4NI, afforded diiodotetralin 7 quantitatively. There are three 

possibilities for the formation of 7, as suggested in Scheme 2.3.1: a) I2 reacting 

with anion 5, b) I2 reacting with diradical 4, or c) I2 reacting with enediyne 3. We 

decided to follow the reaction by 1H NMR, and 7 was observed before heating 

the reaction mixture. We therefore reject the possibility of the aryl anion 5 or the 

para-benzyne 4 being trapped by the I2, since quantitative amounts of diradical 
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cannot be generated at room temperature. This suggests iodine incorporating to 

the alkyne prior to cyclization. Larock et al. demonstrated that electrophilic iodine 

sources, such as ICl, would trigger dienynes to cyclize to their corresponding 

iodinated products at low temperatures. They showed an expanded substrate 

scope by using several alternative alkene and alkyne reactants.[14] Similar to 

enediyne 3, Chen et al. demonstrated the cyclization of aryldiynes to be 

catalyzed by I2 at room temperature to afford benzo[α]carbazoles (Scheme 

2.3.2).[15] They also showed an expanded substrate scope by changing 

substituents on aryldiyne reactants, which showed changes in reaction times and 

absolute yields due to electronic effects. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3.1 Three plausible pathways for the formation of 1,4-diiodo-

tetrahydronaphthalene (7) in the presence of I2. 
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Scheme 2.3.2 Iodine-mediated cascade cyclization of aryldiynes to benzo-

[α]carbazoles at room temperature.[15] 
 

 

 2.3.3 The role of solvation in addition of nucleophiles to para- 
benzyne 4.  

 

 The ease with which Nu- can compete toward para-benzyne 4 does not 

appear to be governed by the nucleophilic character of Nu-. But the fact there is a 

considerable selectivity in adding Nu- to 4 suggests these additions to 

be exothermic, and the activation energy for Nu- additions to 4 to be very small. 

Indeed, our calculations showed both exothermicity and absence of a barrier.[9] 

Thus the aggregation of Nu- with solvent molecules seems to be governing this 

product-determining step. The role of solvation is manifested in the trend of 

product yields, which follows the order I- > NCS- ≥ Br- > N3
- ~ NC- >>> AcO-. 

Such an order had been observed with halogens, where a decreasing trend in 

the yield of 6 was observed from X = I to Br to Cl.[8] It was inferred that the 

decrease arose through a reduction in ionic size and an increase in the ability of 

X- to hydrogen bond to the added H-bond donor, which reduces the rate of 
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nucleophilic addition relative to polymerization of the para-benzyne. The role of 

solvation is also manifested in the decreasing % yield of 6-I in varying ratios of 

H2O–CD3CN (Table 2.2.4), which shows that an increase in ionic solvation 

creates an energy barrier, thus a lower reactivity for I-. The fact we were 

unsuccessful in our attempts of adding good nucleophiles, such as F-, NO3
-, NO2

-

, and many RO- nucleophiles to para-benzyne 4, could represent more evidence 

for the role of solvation in raising the barrier for addition of Nu-. As we 

accumulate results from the competition experiments, we observe I- > NCS- > Br- 

≥ N3
- ~ NC- > Cl- >> AcO- to be the reactivity scale towards the diradical 4. This is 

not an intrinsic reactivity scale of these nucleophiles. It reflects only their ease of 

desolvation, with the smaller, more highly solvated ions being slower (Figure 

2.3.1). 

 
 

 

 

 

 

 

Figure 2.3.1 Rates of addition of anionic nucleophiles to the para-benzyne 4 are 
governed by the ease of Nu- desolvation. 

 

 Many measurements of solvation of ions in solution have shown solvation 

numbers for X- to increase in the order of I- < Br- < Cl- < F-,[16] which goes in 
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accord with their ease of desolvation. Unfortunately, there are no reported data 

for other ions like some the ones used in our studies, and we cannot define ionic 

radii of non-spherical ions, such as NC-, NCS-, and N3
- in order to compare these 

Nu- sizes with X-. So far, ionic solvation is the only contributor to the preference of 

4 for anionic nucleophiles. 

  

 2.3.4 Nature of the para-benzyne  

 
 Diradical 4 is a singlet with two electrons of opposite spin. These electrons 

are related by symmetry (homosymmetric), and they are also coupled through 

the σ* orbitals between carbons 1 and 4.[17,18] This through-bond interaction may 

be viewed as forming a weak σ bond (strictly, a σ antibond) of about 2–5 

kcal/mol.[19] A radical pathway of 4 implies the uncoupling of these two electrons, 

thus loss of this stabilizing effect. Through-bond coupling in para-benzynes has 

been discussed previously as a rationalization for the ≥100-fold reduction in their 

H-abstraction rates relative to abstraction rates for aryl radicals.[20] However, a 

non-radical/ionic pathway of para-benzyne 4 implies a translocation of the two 

“paired” electrons to one σ orbital while the electron pair from Nu- is transferred 

to the other σ orbital, thus no loss of through-bond stabilizing effect and no 

intrinsic barrier expected from frontier orbital HOMO-LUMO energy gap (Figure 

2.3.2). Still, it involves desolvation of Nu- (ignored in Figure 2.3.2), which creates 

a barrier.  
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Figure 2.3.2 Orbital-correlation diagram for para-benzyne 4 + Nu- where the 

HOMO of the reactant proceeds along the horizontal dotted line to 
the σ lone pair in the product (5). 

 

 The dual reactivity of para-benzyne 4 described here illustrates one of the 

most common mechanistic dichotomies in chemistry, namely zwitterionic and 

radical pathways.[21] But does this mean this pathway involves a zwitterionic 

intermediate? Recently, the question arose as to whether one can force 

cycloaromatizations, such as the Bergman cycloaromatization, to lose a bond 

through a different pathway when the cycloaromatization is coupled to the 

formation of a zwitterionic intermediate, rather than a diradical. A fundamental 

factor discussed was the fact that interacting MOs of the radical centers result in 

non-singly-occupied MOs with a small energy gap. Then, if the two electrons on 

4 would prefer to occupy the lower-energy σ MO, a zwitterion (4’) is created 

(zwitterionic Bergman; Scheme 2.3.3). Finally, this “suddenly polarized” excited 

state could account for the interplay between radical and ionic chemistry of 4.[21] 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   64 

 

We usually describe the ionic pathway as a combination of a two-headed arrow 

(pushing two electrons), and a single-headed arrow (pushing one electron) 

proceeding after a radical Bergman, as presented in Schemes 2.1.2 and Figure 

2.3.2. Regardless of how the ionic pathway is rationalized, the addition of Nu- to 

this “diradicaloid”[18] represents a new reaction. But how can we prove the 

intermediacy of a zwitterion? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3.3 Is the ionic chemistry of para-benzynes possible due to formation 

of a zwitterionic intermediate?  
 

 Radicals can be regarded as more or less electrophilic depending on their 

tendency to attack sites of relatively higher electron density,[22] and the 

preference of 4 for anionic nucleophiles in our experiments is clear in a general 

way. Trapping of 4 is not rate-determining, but product-determining, thus relative 

reactivities can be determined, as presented above for some common 

nucleophiles. But the “suddenly polarized” character of the para-benzyne does 

not seem to play a role in the selectivity for Nu- in this product-determining step, 
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as our relative rates suggest. Also, in competition experiments, 1,4-

cyclohexadiene traps 4 2.5 times as well as Br- adds.[8] And ionic solvation 

reduces the rate of I- addition relative to polymerization of 4 (see above). These 

are evidence for the radical/ionic dichotomy in the reactivity of 4 (not the actual 

cycloaromatization), and the role of solvation in raising the barrier for Nu- 

addition. The lack of trapping products in early reactions of enediynes with 

neutral nucleophiles suggests no interaction between Nu and 4, thus no 

competition with radical pathways.[4] All these observations suggest the 

generation of aryl anion 5 to be the result of Nu- addition to diradical 4 rather than 

the result of a zwitterionic Bergman cycloaromatization. The deuterium 

incorporation on products from addition of Nu- to 4 supports this. And formation 

of aryl anion 5 from diradical 4 does not need extra thermodynamic assistance 

(as shown in Figure 2.3.2), unlike formation of aryl cations, as in Scheme 2.3.3, 

which involve unfavorable cyclic restraints. We therefore reject a zwitterionic 

cycloaromatization. Asymmetric enediynes could test whether substituent effects 

in the para-benzyne can affect the regiochemistry, although this is a synthetic 

challenge. Such studies could bring evidence to the intermediacy of a zwitterion 

in the non-radical pathway of para-benzynes, and more evidence as to whether 

solvation is the major contributor to the preference of 4 for anionic nucleophiles. 

So far, the lack of regioselectivity in the formation of cyanosporasides A and B 

(1) from their asymmetric enediyne precursor (2) (Scheme 2.1.1) suggest their 

formation to be governed by solvation. This is also the case for sporolides A and 

B. 
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2.3.5 D incorporation into 1-(Nu)tetrahydronaphthalenes 

 
 We observe complete D incorporation in the products obtained after Nu- 

additions, with and without the addition of RCOOH in the CD3CN reaction 

mixtures. This suggests the extent of H/D incorporation to be independent of 

concentration of added RCOOH. Hydrogen bonding of the protic acid to excess 

Nu- could be retarding its deprotonation and increasing the effectiveness of 

CD3CN, even though this is a much weaker acid than RCOOH (Scheme 2.3.3). 

 
 
 
 
 
 
 
 
 
 
 
Scheme 2.3.4 Hydrogen bonding of RCOOH to excess Nu- retards its 

deprotonation and increases the effectiveness of CD3CN. 
 

Again, solvation plays a role in this remarkable manifestation of selectivity. 

In reactions run in DMSO-d6,[8] deuterium content on 6 was observed to increase 

from X = I to Br to Cl, where it was inferred that the variations arose indirectly 

through hydrogen bonding of X- to the added RCOOH, which reduced its 

reactivity relative to that of DMSO-d6. But it seems the dominant H-donor in these 

experiments was not RCOOH, but residual H2O in DMSO-d6. Our iodide 

additions to para-benzyne 4 showed a decreasing extent of D content in 6-I with 

the addition of H2O to the reaction mixtures. Still, the fact that CD3CN competes 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   67 

 

with the added H2O demonstrated that the species being generated is a very 

strong base. And the apparent selectivity for CD3CN in this abstraction could be 

explained by the high concentration of deuterated solvent compared to the 

amount of H2O in the reaction mixtures. 

 

  2.3.6 Ionic reactivity of ortho- and para-benzynes in solution 

 
  A study of the static dipole polarizability of the benzyne isomers in their 

singlet ground state[23] indicated polarizability values to increase in the order of 

ortho < meta < para. This goes in accord with the preference for ionic reactivity of 

benzyne isomers to increase in the order para < meta < ortho.[24] But these are all 

calculations and reactivity studies in the gas-phase. Additions of Nu- to a para-

aryne in solution, as in our studies, are quite different from additions to a cationic 

meta-benzyne in the gas phase,[25,26] The best known analogy to Nu- additions 

towards 4 in solution is Nu- additions to the genuine sigma bonds of ortho-

arynes.[27] It has been suggested that ortho-arynes behave like soft electrophiles, 

so relative reactivities of Nu- should be governed by basicity as well as 

polarizability.[28] But reactivity scales established through competitive methods of 

ortho-arynes with different Nu- are not in line with this hypothesis. Size of the Nu-, 

state of association, and nature of the counterion have been hypothesized to play 

important roles.[28,29] 
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 Scardiglia and Roberts suggested that the ease with which Nu- can 

compete toward ortho-benzynes does not appear to be a simple function of either 

their base strength or nucleophilic character as measured in other reactions.[13a] 

They concluded that there is a considerable lack of selectivity in Nu- additions to 

ortho-benzyne, consonant with a high degree of exothermicity in such additions. 

They also concluded that some Nu- might be more reactive than others toward 

ortho-benzynes because their relatively dispersed charges are more loosely 

solvated by solvent molecules at the reactive site, thus reducing the degree of 

steric hindrance to attack on the ortho-benzyne. And finally, in order for solvation 

to be a dominant factor, they concluded that it is necessary for 

activation energies for Nu- additions to ortho-benzynes to be small. In fact, 

B3LYP/6-31G(d) free energies including CPCM solvation by MeCN have shown 

NC- additions to ortho-arynes to proceed without a barrier.[30]  

 Our calculations showed both exothermicity and absence of a barrier, 

other than that due to solvation, for Nu- additions to para-benzyne 4. And the 

experimental results presented here are in good agreement with computational 

data, since these suggest Nu- additions to para-benzyne 4 to be governed by 

solvation rather than basicity or polarizability. Thus we agree with Nu- additions 

to ortho-benzynes to be governed by solvation too.[13a] 
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2.4 Conclusions and Future Work 

 
 We have shown evidence for the incorporation of different nucleophiles to 

an aromatic ring through addition of nucleophiles to a para-benzyne intermediate, 

where a variety of nucleophiles have been explored and competition experiments 

between them were carried out in order to explore their reactivity towards the 

diradical intermediate. Our reactivity scale, I- > NCS- > Br- ≥ N3
- ~ NC- >>> AcO-, 

reflects the ease of Nu- desolvation, with the smaller, more highly solvated ions 

being slower, and bigger nucleophiles (like I-) reacting faster towards the 

diradical. The role of solvation is also manifested in the decreasing trend of 

product yields with an increase in Nu- solvation, and in the deuteration of 1-

(Nu)tetralin even in the presence of a protic acid. Further experiments will 

address the selectivity of intermediate 5 towards hydronation in order to define 

the nature of this anion. Finally, we believe this reaction could be developed as a 

general one to incorporate anionic nucleophiles to aromatic rings. 
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2.5 Experimental Section 

 
2.5.1 Materials  

 
Cyclodeca-1,5-diyn-3-ene (3) was synthesized by a “standard” procedure 

(see Appendix A for specific details). Deuterated solvent (CD3CN, 99.96% D) 

was purchased from Cambridge Isotope Labs and used from freshly opened 

ampoules. Tetrabutylammonium salts and 1,3,5-tri-tert-butylbenzene (internal 

standard for NMR) were purchased from Aldrich and used without further 

purification. 

 

2.5.2 Instrumentation 

 
Gas chromatography–flame-ionization detection (GC–FID)–mass spectra 

were obtained on a 7890A Agilent GC with a 5975C MSD detector operated in 

scan mode from 10 m/z to 400 m/z. The GC was operated under “split mode” 

with a split ratio of 1:1 between FID and MS. The selected method for each 

analysis was electron impact: EI (70eV). High-resolution mass spectra (HRMS) 

were obtained on a Thermo MAT900XL-MS, a high-resolution double focusing 

mass spectrometer with reversed Nier-Johnson geometry. The selected method 

for each analysis was electron impact (EI). 

1H NMR spectra were obtained on a JEOL 500-MHz ECA spectrometer. 

The spectra were processed with JEOL Delta and iNMR software. 
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2.5.3 Sample Preparation  

 
Enediyne 3 and tetrabutylammonium salt (Nu-) were dissolved in 0.7 mL of 

CD3CN in a flame-dried flask to afford a solution with [3] = 5 mM and [Nu-] = 500 

mM. Excess nucleophile and a low concentration of 3 were used in order to 

minimize polymerization. 1,3,5-Tri-tert-butylbenzene (0.2 mM) was included as 

internal standard (δ 7.24)[31]. Other experiments included additives, such as H2O, 

acetic acid (RCOOH; 50 mM), or iodine (I2; 100 mM), which were added to the 

solution as specified. The reaction mixture was transferred to an NMR tube. The 

tube was sealed, an initial NMR spectrum was taken, and the tube was 

immersed in a 55±1 °C oil bath for 10 hours. According to measured rate 

constants for the cyclization of enediyne 3 to para-benzyne,[5] this time is 

sufficient for more than 97 % completion[8] (confirmed from sample analysis after 

heating; 92–100 % completion). After this time another NMR spectrum was 

taken. In representative competition studies, samples were prepared as 

described above, with care to ensure that the samples were identical in all 

respects except for the variable being tested, e.g., different Nu- mmol ratios.  

 

2.5.4 1H NMR analysis 

 
Spectra were taken before and after each of the competition experiments. 

Absolute product yields were evaluated from the NMR integrations of the most 

deshielded Hortho doublet signal of crude products (before and after workup), 

relative to internal standard and normalized to the initial spectrum. Product ratios 
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were evaluated from the relative intensities of the Hortho signals of the two 

products. Yields of 1-(Nu)tetrahydronaphthalenes were up to 96±5 % (this is the 

case for I-), as expected for low concentrations of enediyne reacted to 97 % 

completion[8] (confirmed from sample analysis after heating; 92–100 % 

completion). D content on 6-I was evaluated from the deficiency of intensity of 

the doublet of Hpara at δ 7.07, relative to the intensity of the Hortho doublet at δ 

7.64. Owing to errors in integration, the accuracy of yields, product ratios, and D 

content measured by 1H NMR is generally ±5 %.  

  

 2.5.5 Characterization of products 

 
 1-iodo-5,6,7,8-tetrahydronaphthalene-4-d (6-I): 1H NMR (CD3CN) δ 1.69 

(2H, m), 1.78 (2H, m), 2.61 (2H, t, J = 7 Hz), 2.71 (2H, t, J = 7 Hz), 6.79 (1H, d, J 

= 7.5 Hz), 7.07 (<1H, J = 8 Hz), 7.64 (1H, d, J = 8 Hz).  GC–MS (EI) m/z 

calculated for C10H10ID: 258.9; found 259.0, plus peak at 258.0 (incomplete 

deuteration). HRMS (EI) calculated for C10H10ID (M+): 257.9963, found 257.9962. 

1H NMR yield = 96 %. [Lit.[8] 1H NMR (DMSO-d6) δ 1.61 (2H, m), 1.70 (2H, m), 

2.51 (1H, t, J = 7 Hz), 2.65 (1H, t, J = 7 Hz), 6.81 (1H, m, Hmeta), 7.05 (<1H, J = 

7.5 Hz, Hpara), 7.60 (1H, d, J = 7 Hz, Hortho). GC-MS (EI) m/z calculated for 

C10H11I: 258.0; found 258.1, plus peak at 259.0 (partial deuteration)].  

1-bromo-5,6,7,8-tetrahydronaphthalene-4-d (6-Br): 1H NMR (CD3CN) δ 

1.71 (2H, m), 1.79 (2H, m), 2.68 (2H, t, J = 7 Hz), 2.74 (2H, t, J = 7 Hz), 6.95 (1H, 

d, J = 7.5 Hz), 7.32 (1H, d, J = 7.5 Hz). GC–MS (EI) m/z calculated for 
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C10H10
79BrD: 211.0; found 211.0, plus peak at 213.0 due to 81Br. HRMS (EI) 

calculated for C10H10BrD (M+): 210.9960, found 210.9962. 1H NMR yield = 87 %. 

[Lit.[8] 1H NMR (DMSO-d6) δ 1.65 (2H, m), 1.72 (2H, m), 2.60 (2H, t, J = 7 Hz), 

2.69 (2H, t, J = 7 Hz), δ 6.98 (1H, m, Hmeta), 7.04 (<1H, d, J = 8 Hz, Hpara), 7.32 

(1H, d, J = 8 Hz, Hortho). GC-MS (EI) m/z calculated for C10H11Br: 210.0; found 

210.0 (79Br), plus peaks at 211.0 and 213.0 (partial deuteration) and 212.0 

(81Br)].  

1-azido-5,6,7,8-tetrahydronaphthalene-4-d (6-N3): 1H NMR (CD3CN) δ 

1.70 (2H, m), 1.77 (2H, m), 2.54 (2H, t, J = 7 Hz), 2.71 (2H, t, J = 7 Hz), 6.95 (1H, 

d, J = 7.5 Hz), 7.10 (1H, d, J = 7.5 Hz). GC–MS (EI) m/z calculated for 

C10H10N3D: 174.1; found 174.4. HRMS (EI) calculated for C10H10ND (M+-N2): 

146.0949, found 146.0952. IR (neat) 2108 cm-1 (–N3). 1H NMR yield = 80 %. 

1-cyano-5,6,7,8-tetrahydronaphthalene-4-d (6-CN): 1H NMR (CD3CN) δ 

1.75 (2H, m), 1.83 (2H, m), 2.76 (2H, t, J = 7 Hz), 2.90 (2H, t, J = 7 Hz), 7.19 (1H, 

d, J = 7.5 Hz), 7.43 (1H, d, J = 7.5 Hz). GC–MS (EI) m/z calculated for C11H10ND: 

158.1; found 158.4. IR (neat) 2226 cm-1 (–CN). HRMS (EI) calculated for 

C11H10ND (M+): 158.0949, found 158.0950. 1H NMR yield = 83 %. [Lit.[32] (-4-h) 

1H NMR (CDCl3) δ 7.43 (1H, d, J = 7.5 Hz), 7.27 (1H, d, J = 8.0 Hz), 7.16 (1H, t, 

J = 7.5 Hz), 2.95 (2H, t, J = 6.0 Hz), 2.78 (2H, t, J = 6.0 Hz), 1.89 – 1.79 (4H, m).] 

1-thiocyano-5,6,7,8-tetrahydronaphthalene-4-d (6-SCN): 1H NMR 

(CD3CN) δ 1.72 (2H, m), 1.81 (2H, m), 2.73 (2H, t, J = 7 Hz), 2.76 (2H, t, J = 7 

Hz), 7.18 (1H, d, J = 7.5 Hz), 7.43 (1H, d, J = 7.5 Hz). GC–MS (EI) m/z 

calculated for C11H10NSD: 190.1; found 190.3. HRMS (EI) calculated for 
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C11H10NSD (M+): 190.0669, found 190.0671. IR (neat) 2157 cm-1 (–SCN). 1H 

NMR yield = 90 % 

 

2.5.6 GC–FID analysis 

 
After the NMR analysis, samples for GC–FID analysis were prepared by 

adding the reaction mixtures to 5 mL of saturated aqueous NH4Cl, followed by 

extraction with 3 x 5 mL of pentane. The organic layer was washed with 5 x 5 mL 

of H2O, dried over Na2SO4, and concentrated in vacuo. The resulting crude 

products were dissolved in 1.0 mL of hexanes and injected into the GC. Products 

were distinguished by their intense signals in the FID-GC, and product ratios 

were evaluated from the relative integrated intensities of the FID peak areas. The 

detector’s sensitivity is known to depend only on the number of carbons, 

unsaturations, and aromatic rings, etc., which are similar, if not the same, for all 

the products. Therefore the ratios were calculated from areas (A) using equation 

1, including corrections to peak areas based on the number of carbons and on an 

effective carbon number (ECN), which was derived from contributions to ECN of 

aromatic compounds[33] (see Table 2.5.1).  

 
 Calculation of corrected product ratio determined by GC-FID: 

 For products X and Y: 

 
  ([X]/[Y] )corrected = [AX/(ECNX)] / [AY/(ECNY)] (1) 
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Table 2.5.1 Calculation of effective carbon number (ECN) for quantitative GC-
FID analysis of product 1-(Nu)tetrahydronaphthalenes. 

 

Substituent (Nu-) 

Contribution 

to ECN a 

Number of 

Carbons 

ECN of 

Product 

Iodide (I-) -0.5 10 9.5 

Bromide (Br-) -0.26 10 9.74 

Azide (N3
-)   -0.15 b 10 9.85 

Cyanide (NC-)  0.3 c 11 10.3 

Thiocyanate (NCS-)  0.3 c 11 10.3 

a Calculated based on contributions to ECN of aromatic compounds.33 b 

Approximated by NH2 in aniline (Ph-NH2). c Approximated by CN in benzonitrile 

(Ph-CN). 

 

We evaluated and validated this method by preparing standard solutions 

with known ratios of three different aromatics and comparing these ratios with the 

ones determined by FID peak area integration and ECN correction (see Table 

2.5.2). The results show the errors of ratios measured by FID to be <10 %. 
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Table 2.5.2 Comparison of ratios of two ternary mixtures (#1: 1:1:1 
chlorobenzene, benzonitrile, and phenyl isothiocyanate; #2: 1:1:1 
chlorobenzene, phenyl acetate, and naphthalene), assayed by GC-
FID signal integration, corrected with ECN values in Table 2.5.1 and 
expressed relative to chlorobenzene concentration. 

 
Ratio (A : B : C) 

Ternary mixture 
by FID integration after ECN correction 

≡1.00 ≡1.00 

1.16 ± 0.06 1.02 ± 0.03 # 1 

Ph-Cl 

Ph-CN 

Ph-NCS 1.20 ± 0.09 1.1 ± 0.1 

≡1.00 ≡1.00 

1.0 ± 0.1 0.99 ± 0.01  # 2 

Ph-Cl 

Ph-OAc 

Naph 1.6 ± 0.2 1.07 ± 0.03  

  

 

 2.5.7 Determination of product ratios and relative reactivities 

  
 We prepared binary mixtures of known ratios of Nu- and let them react 

with diradical 4. Then, by assaying the product ratio of the two (Nu)-arene 

products, we would know which one reacts more readily towards the para-

benzyne 4, and by how much. 1H NMR and FID peaks can be integrated in order 

to assay product ratios and determine relative reactivities. The relative 

reactivities in this work were obtained using the average of the two product ratios 

determined by 1H NMR and GC-FID. In the 1H NMR we chose to integrate the 

Hortho signal. This is where the absence of Hpara becomes handy since the 
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possibility of overlapping signals is diminished. Figures 2.5.1 to 2.5.5 show the 

aromatic region of representative 1H NMR spectra that reveal the product ratios 

of 1-(Nu)tetrahydronaphthalenes in binary mixtures of known ratios of 

nucleophiles: (1) Br- vs I- (5:1); (2) Br- vs N3
- (1:1); (3) Br- vs NCS- (1:1); (4) NCS- 

vs I- (3:1); (5) NC- vs Br- (1:1). These also reveal complete D-incorporation, 

insofar as only Hmeta and Hortho are observed. The triplet observed in Fig. 2.5.2 (δ 

6.95, t) is due to two overlapping doublets for Hmeta of bromide and azide 

products. 

Equation 2 expresses the relative reactivity between two arbitrary anionic 

nucleophiles, X- and Y- in terms of product ratios and concentrations of 

nucleophiles: 

 
  kX-/kY- = (Product X/Product Y)([Y-]/[X-]) (2) 

 

 Some relative reactivities determined directly by eq 2 can be combined to 

evaluate indirectly additional relative reactivities by using eq 3 to 10. This 

involves simple algebra. 

 
  kI-/kNCS- = (kI-/kBr-)(kBr-/kNCS-) (3) 

 
  kI-/kBr- = (kI-/kNCS-)(kNCS-/kBr-) (4) 

 
  kNCS-/kBr- = (kI-/kBr-)(kNCS-/kI-) (5) 

 
  kN3

-/kNC- = (kBr-/kNC-)(kN3
-/kBr-) (6) 
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  kI-/kN3

- = (kI-/kBr-)(kBr-/kN3
-) (7) 

 
  kI-/kNC- = (kI-/kBr-)(kBr-/kNC-) (8) 

 
  kNCS-/kNC- = (kNCS-/kBr-)(kBr-/kNC-) (9) 

 
  kNCS-/kN3

- = (kNCS-/kBr-)(kBr-/kN3
-) (10) 

 

 These equations, as well as the product ratios determined by our 

competitive method, are valid because reactions are carried out with excess 

nucleophile, so that there is no depletion of the more reactive nucleophile. 

 

 2.5.8 Individual experiments to assay product ratios of nucleophiles  

 
 1) 1:5 Iodide (I-) versus Bromide (Br-) 

 
 Cyclodeca-1,5-diyn-3-ene (3) (0.54 mg, 0.0042 mmol), 

tetrabutylammonium iodide (21.4 mg, 0.058 mmol), and tetrabutylammonium 

bromide (93.8 mg, 0.291 mmol)  were dissolved in 0.7 mL of CD3CN in a flame-

dried flask to afford a solution with [3] ~ 5 mM and [Nu-]total = 500 mM ([I-]/[Br-] = 

1/5). 1,3,5-Tri-tert-butylbenzene (0.18 mM) was included as internal standard (δ 

7.24). The reaction mixture was transferred to an NMR tube, and it was sealed. 

The reaction mixture was heated and monitored according to the procedure in 

the Experimental Section. The presence of 1-(Nu)tetrahydronaphthalene (Nu = I, 

Br) was confirmed by 1H NMR spectroscopy and GC-MS analysis.  
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Figure 2.5.1 Representative 1H NMR spectrum of 1-iodotetrahydronaphthalene-
4-d (6-I) and 1-bromotetrahydronaphthalene-4-d (6-Br) in 
competition experiment obtained from reaction of I- and Br- with the 
para-benzyne (4) derived from cyclodeca-1,5-diyn-3-ene (3) in 
CD3CN.  

 

 

 2) 1:1 Bromide (Br-) versus Azide (N3
-) 

 
 Cyclodeca-1,5-diyn-3-ene (3) (0.56 mg, 0.0043 mmol), 

tetrabutylammonium bromide (56.4 mg, 0.175 mmol), and tetrabutylammonium 

azide (49.8 mg, 0.175 mmol) were dissolved in 0.7 mL of CD3CN in a flame-dried 

flask to afford a solution with [3] ~ 5 mM [Nu-]total = 500 mM ([Br-]/[N3
-] = 1). 1,3,5-

Tri-tert-butylbenzene (0.17 mM) was included as internal standard (δ 7.24). The 

reaction mixture was transferred to an NMR tube, and it was sealed. The reaction 

mixture was heated and monitored according to the procedure in the 

Experimental Section. The presence of 1-(Nu)tetrahydronaphthalene (Nu = Br, 

N3) was confirmed by 1H NMR spectroscopy and GC-MS analysis.  
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Figure 2.5.2 Representative 1H NMR spectrum of 1-bromotetrahydro-

naphthalene-4-d (6-Br) and 1-azidotetrahydronaphthalene-4-d (6-
N3) in competition experiment obtained from reaction of Br- and N3

- 
with the para-benzyne (4) derived from cyclodeca-1,5-diyn-3-ene 
(3) in CD3CN.  

 

 

 3) 1:1 Bromide (Br-) versus Thiocyanate (NCS-) 

 
 Cyclodeca-1,5-diyn-3-ene (3) (0.68 mg, 0.0053 mmol), 

tetrabutylammonium bromide (56.4 mg, 0.175 mmol), and tetrabutylammonium 

thiocyanate (52.6 mg, 0.175 mmol) were dissolved in 0.7 mL of CD3CN in a 

flame-dried flask to afford a solution with [3] ~ 5 mM and [Nu-]total = 500 mM ([Br-

]/[NCS-] = 1). 1,3,5-Tri-tert-butylbenzene (0.18 mM) was included as internal 

standard (δ 7.24). The reaction mixture was transferred to an NMR tube, and it 

was sealed. The reaction mixture was heated and monitored according to the 

procedure in the Experimental Section. The presence of 1-

(Nu)tetrahydronaphthalene (Nu = Br, SCN) was confirmed by 1H NMR 

spectroscopy and GC-MS analysis.  
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Figure 2.5.3 Representative 1H NMR spectrum of 1-bromotetrahydro-

naphthalene-4-d (6-Br) and 1-thiocyanotetrahydronaphthalene-4-d 
(6-SCN) in competition experiment obtainedfrom reaction of Br- and 
NCS- with the para-benzyne (4) derived from cyclodeca-1,5-diyn-3-
ene (3) in CD3CN. 
 

 

 4) 1:3 Iodide (I-) versus Thiocyanate (NCS-) 

  
 Cyclodeca-1,5-diyn-3-ene (3) (0.61 mg, 0.0047 mmol), 

tetrabutylammonium iodide (31.4 mg, 0.085 mmol), and tetrabutylammonium 

thiocyanate (79.6 mg, 0.265 mmol) were dissolved in 0.7 mL of CD3CN in a 

flame-dried flask to afford a solution with [3] ~ 5 mM and [Nu-]total = 500 mM ([I-

]/[NCS-] = 1/3). 1,3,5-Tri-tert-butylbenzene (0.17 mM) was included as internal 

standard (δ 7.24). The reaction mixture was transferred to an NMR tube, and it 

was sealed. The reaction mixture was heated and monitored according to the 

procedure in the Experimental Section. The presence of 1-

(Nu)tetrahydronaphthalene (Nu = I, SCN) was confirmed by 1H NMR 

spectroscopy and GC-MS analysis. 
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Figure 2.5.4 Representative 1H NMR spectrum of 1-iodotetrahydronaphthalene-

4-d (6-I) and 1-thiocyanotetrahydronaphthalene-4-d (6-SCN) in 
competition experiment obtainedfrom reaction of I- and NCS- with 
the para-benzyne (4) derived from cyclodeca-1,5-diyn-3-ene (3) in 
CD3CN. 

 

 

 5) 1:1 Bromide (Br-) versus Cyanide (NC-) 

 
 Cyclodeca-1,5-diyn-3-ene (3) (0.66 mg, 0.0051 mmol), 

tetrabutylammonium bromide (56.4 mg, 0.175 mmol), and tetrabutylammonium 

cyanide (47 mg, 0.175 mmol) were dissolved in 0.7 mL of CD3CN in a flame-

dried flask to afford a solution with [3] ~ 5 mM and [Nu-]total = 500 mM ([Br-]/[NC-] 

= 1). 1,3,5-Tri-tert-butylbenzene (0.18 mM) was included as internal standard (δ 

7.24). The reaction mixture was transferred to an NMR tube, and it was sealed. 

The reaction mixture was heated and monitored according to the procedure in 

the Experimental Section. The presence of 1-(Nu)tetrahydronaphthalene (Nu = 

Br, NC) was confirmed by 1H NMR spectroscopy and GC-MS analysis.  
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Figure 2.5.5 Representative 1H NMR spectrum of 1-bromotetrahydro-

naphthalene-4-d (6-Br) and 1-cyanotetrahydronaphthalene-4-d (6-
CN) in competition experiment obtained from reaction of Br- and NC- 
with the para-benzyne (4) derived from cyclodeca-1,5-diyn-3-ene 
(3) in CD3CN. 

 
 

 2.5.9 Attempts to incorporate F- to the para-benzyne 4 

 
 Cyclodeca-1,5-diyn-3-ene (3) and fluoride source were dissolved in 

CD3CN in a flame-dried flask to afford a [3] = 5 mM, and [F-] = 500 mM. 1,3,5-Tri-

tert-butylbenzene (0.2 mM) was included as internal standard (δ 7.24). The 

reaction mixture (total volume = 1.0 mL) was transferred to an NMR tube, and it 

was sealed. The reaction mixture was heated and monitored according to the 

procedure in the Experimental Section. The presence of 1-

fluorotetrahydronaphthalene (6-F) was never observed by 1H NMR spectroscopy 

or GC-MS analyses. The different fluoride sources used during these attempts 

are presented here: 

 
o Tetrabutylammonium fluoride (TBAF; commercially available). 
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o Tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF; 

commercially available). 

o Potassium fluoride (KF) and 18-Crown-6 (commercially available). 

o Cesium fluoride (CsF; commercially available). 

o “Anhydrous” tetrabutylammonium fluoride - prepared by a standard 

procedure through the reaction of hexafluorobenzene with 

tetrabutylammonium cyanide in CD3CN.[34]  

 

 Despite careful attention to detail and repeated attempts, we were unable 

to detect 6-F by 1H NMR or GC-MS. No conclusive results were obtained for 

fluoride addition. It is very likely that F- is actually too solvated, not reacting at all 

with the para-benzyne 4. The fact we were unsuccessful in our attempts of 

adding F- represents more evidence for the role of solvation in raising the barrier 

for addition of Nu- to para-benzyne 4 (as discussed in the Section 2.3). 

 

 2.5.10 Attempts to incorporate other anionic nucleophiles to the para- 
benzyne 4 

 
 Cyclodeca-1,5-diyn-3-ene (3) was dissolved in a solution of the 

corresponding nucleophile in CD3CN in a flame-dried flask to afford a [3] = 5 mM 

and [Nu-] = 500 mM. 1,3,5-Tri-tert-butylbenzene (0.2 mM) was included as 

internal standard (δ 7.24). The reaction mixture (total volume = 0.7 mL) was 

transferred to an NMR tube, and it was sealed. The reaction mixture was heated 

and monitored according to the procedure in the Section 2.5. The presence of 
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the corresponding 1-(Nu)tetrahydronaphthalenes was never observed by 1H 

NMR spectroscopy or GC-MS analyses. The different Nu- sources used during 

these attempts are presented here: 

 
o Tetrabutylammonium acetate (Bu4NOAc; commercially available) – only 

traces of the corresponding product were observed by GC. 

o Tetrabutylammonium nitrate (Bu4NNO3; commercially available). 

o Tetrabutylammonium nitrite (Bu4NNO2; commercially available). 

o Tetrabutylammonium hydroxide (Bu4NOH; commercially available as 

tetrabutylammonium hydroxide 30-hydrate). 

o Potassium hydroxide (KOH; commercially available). 

o Tetrabutylammonium phenolate (Bu4NOPh) – prepared through the 

reaction of phenol with tetrabutylammonium cyanide in CD3CN at room 

temperature to afford a [-OPh] = 500 mM. This Bu4NOPh solution was 

then used without isolation. 

o Tetrabutylammonium benzoate (Bu4NOCOPh) – prepared through the 

reaction of benzoic acid with tetrabutylammonium cyanide in CD3CN at 

room temperature to afford a [-OCOPh] = 500 mM. This Bu4NOCOPh 

solution was then used without isolation. 

o Tetrabutylammonium dibenzyl phosphate [Bu4NO2P(OCH2Ph)2] – 

prepared through the reaction of dibenzylphosphate [(PhCH2O)2PO2H; 

commercially available] with tetrabutylammonium cyanide in CD3CN at 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   86 

 

room temperature to afford a [-OCOPh] = 500 mM. This 

Bu4NPO2(OCH2Ph)2 solution was then used without isolation. 

 

 Despite careful attention to detail and repeated attempts, we were unable 

to detect the corresponding 6-Nu for these experiments by 1H NMR or GC-MS. It 

is very likely that some of these Nu- could actually be too solvated (as same as F-

), not reacting at all with the para-benzyne 4. The fact we were unsuccessful in 

our attempts of adding these Nu- could represent more evidence for the role of 

solvation in raising the barrier for addition of Nu- to para-benzyne 4 (as discussed 

in Section 2.3). Note that these are all oxygen-based nucleophiles (-OR). 
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2.6 Appendix A 

 
 2.6.1 Synthesis of cyclodeca-1,5-diyn-3-ene (3) 

   
 In our interest of exploring the reactivity of para-benzynes, a model 

enediyne needs to be synthesized. For our studies, cyclodeca-1,5-diyn-3-ene (3) 

is the ideal one. Its 10-membered ring has sufficient strain that cyclization to 4 

occurs at a convenient rate on slight heating.[35] We chose to follow the 

procedure by Nicolaou et al.[5] (Scheme 2.6.1) for the synthesis of the 1,10-

dibromodeca-2,8-diyne precursor (8), and the procedure as described by Jones 

et al. [35] for the cyclization step (Scheme 2.6.2), since Nicolaou’s cyclization 

involves a multi-step procedure to assemble the product. 

 

Scheme 2.6.1 Synthesis of 1,10-dibromodeca-2,8-diyne (8) by Nicolaou et al.[5] 
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Scheme 2.6.2 Jones cyclization step for the synthesis of cyclodeca-1,5-diyn-3-

ene (3) via an intramolecular carbenoid coupling-elimination 
process.[36] Method: base added to 8 + additive.  

 

 Dibromide 8 was easily obtained on a multi-gram scale by following the 

published procedure. However, despite careful attention to detail and repeated 

attempts, we were unable to isolate the enediyne 3 via the final step of the Jones 

procedure. Their experimental section recommended using 

hexamethylphosphoramide (HMPA) as an additive, which would act as a 

“carbenoid-destabilizing agent”. However, a table in their paper described the 

use of an HMPA analog, “TEP”, for the same purpose, which miraculously 

increased the product yield to 95%. The identity of this additive was never 

revealed in the work. Many attempts of contacting Jones were made, but he was 

never able to reveal the identity of the “TEP” additive. Since it was unclear as to 

which additive to use for the repeat of their experiments, we used HMPA in our 

synthesis. As a result of the inability to isolate the product using the Jones 

conditions, extensive optimization of the work-up conditions was undertaken, 

until a procedure was arrived upon which allowed for a consistent isolated 

product yield of 5-10%. The 95% yield reported by the Jones group was never 

achieved, either with their work-up conditions or with ours. The revised conditions 

for isolation of 3 are described here: 
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 Cyclodeca-1,5-diyn-3-ene (3). The reaction was carried out in strictly 

anhydrous conditions under argon. A 125-mL round bottom flask (flame-dried) 

was charged with 10 mL of dry THF (freshly distilled from solution containing 

sodium benzophenone ketyl) and hexamethyldisilylamide (HMDS, 0.63 mL, 3.0 

mmol, 3 equiv). The reaction flask was cooled to -78 oC, the solution was stirred, 

and n-butyllithium (n-BuLi, 1.8 mL of a 1.6 M solution in hexanes; 2.9 mmol, 2.9 

equiv) was added dropwise. The reaction mixture was allowed to stir for 15 min 

at -78 oC, warmed to room temperature, and stirred for an additional 15 min. The 

freshly prepared LiHMDS obtained was diluted with 30 mL of additional dry THF, 

and HMPA (3.5 mL, 20 mmol) was also included. The reaction flask was cooled 

to -45˚C. 1,10-Dibromodeca-2,8-diyne (8) (0.292 g, 1.0 mmol) was dissolved in 

10 mL of dry THF, transferred to a 10 mL plastic syringe, and added to the 

reaction flask via a syringe pump over the course of 3 hours. After the dibromide 

8 addition, the reaction was allowed to warm up to 0˚C and stirred for an 

additional 15 min. The reaction was then quenched with 10 mL of water while the 

solution was still cold. The resulting mixture was poured into ~ 200 mL of cold 

water and extracted with 5 x 75 mL of pentane. The combined pentane layer was 

washed with 1 x 200 mL of cold 0.1 M HCl solution and 4 x 200 mL of cold H2O 

to remove all the THF, HMPA, and HMDS, and it was then dried over Na2SO4 

and concentrated under static vacuum to about ~ 3 mL without using a warming 
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bath; instead room temperature water was poured over the flask whenever it 

appeared frosty (These details proved to be important in preventing the volatile 

enediyne from evaporating with the solvent). The crude mixture was then purified 

on a preparative TLC plate (SiO2) with 7:1 pentane in CH2Cl2 as the eluent. The 

desired product was visible under 256 nm light as a dark band (Rf = 0.52; could 

vary depend on the preparative TLC plate used). The product band was scraped 

from the plate, dry-packed into a short column, and flushed with 5 x 20 mL of 

pentane into a 250 mL round-bottom flask. The solution was concentrated under 

static vacuum to about 20 mL, dried over MgSO4, then filtered through a glass-

microfiber-filter-plugged cannula into a flame-dried flask. The final milliliters of 

solvent were removed with a stream of N2, yielding the enediyne as a clear oil 

(up to 10% yield determined by 1H NMR). The enediyne 3 is unstable and was 

always used immediately upon purification, even though NMR shows no 

significant degradation after a month of storage when stored at -30 oC. 1H NMR 

(500 MHz, CD3CN), δ 5.81 (2H, s, CH=CH), 2.34 (4H, m, CH2CHCHCH2), 1.86 

(4H, m, CH2CH2CH2CH2). 1H NMR resonances correspond with literature values. 

Lit.[36] 1H NMR δ 1.93 (4H, m), 2.37 (4H, m), 5.81 (2H, s). 

 

 2.6.2 Intramolecuar Wittig: a possible route to afford cyclodeca-1,5- 
                    diyn-3-ene (3)? 

 
Our disappointments to afford decent amounts of the enediyne by 

following Jones' “carbenoid coupling” reaction (see Scheme 2.6.2 presented 

above) made us look for different methods to synthesize 3. We envisioned its 
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preparation starting from the dibromide 8: a one-pot oxidative coupling reaction 

after converting 8 into a bisphosphonium salt 12 (Scheme 2.6.3); the idea was 

taken from oxidative coupling reactions with benzylic phosphonium salts.[37] 

 

 
Scheme 2.6.3 Potential synthesis of cyclodeca-1,5-diyn-3-ene (3) through a one-

pot oxidative coupling reaction after conversion of dibromide 8 into 
bisphosphonium salt 12. 

 

 

Extensive optimization of this reaction was undertaken, until a procedure 

was arrived upon which allowed for a consistent formation of bisphosphonium 

salt 13. The revised conditions for its isolation are described here:  

1,10-bis(phosphoniumbromide)-deca-2,8-diyne dibromide (12).  

 Triphenylphosphine (0.577g, 2.2 mmol) was dissolved in ~ 2 mL of dry 1,4 

dioxane in a 10 mL round bottom flask, and was stirred for 1 hr under Ar at room 

temperature to afford complete dissolution. Then, 1,10-dibromodeca-2,8-diyne 

(8) (0.292 g, 1.0 mmol) was added to the solution and it was stirred for 24 hours. 

The next day, the “precipitate” that formed was filtered off, washed with ether and 

hexanes, and dried under vacuum. The 1H NMR did not give any insights about 
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product(s) formed. Still, the product was analyzed by MS which confirmed the 

formation of the bisphosphonium salt 12: [(M – 2Br)/2 = 328.36 m/z (doubly 

charged)] (see mass spectrum in Appendix C). 

The bisphosphonium salt 12 was put into oxidative coupling conditions 

(see below), hoping to observe the formation of enediyne 3. The 1H NMR did not 

give any insights about product(s) formed. The MS showed two major peaks: 

335.2 m/z, and 390.9 m/z. Unfortunately, none of them were possible products 

expected for this reaction. The attempted conditions for the isolation of enediyne 

3 are described here. 

Cyclodeca-1,5-diyn-3-ene (3) attempts. The reaction was carried out in 

strictly anhydrous conditions under argon. A 125 mL round bottom flask (flame-

dried) was charged with 1,10-bis(phosphoniumbromide)-deca-2,8-diyne 

dibromide (12), and dissolved in 60 mL of dry CH2Cl2. Then, the solution was 

treated with potassium tert-butoxide (0.28 g, 2.5 mmol), 18-Crown-6 (3 mg, 0.01 

mmol), and VO(acac)2 (3 mg, 0.01 mmol). The resulting solution was bubbled 

with oxygen, and it was stirred overnight under an oxygen atmosphere at room 

temperature. The next day, the reaction was quenched with 10 mL of water, and 

put on the rotovap to remove the CH2Cl2. The resulting mixture was poured into 

100 mL of cold water and extracted with 3 x 30 mL of pentane. The combined 

organic layer was washed with 10 x 200 mL of cold H2O to remove all the tert-

butanol generated during the reaction, dried over Na2SO4, and concentrated 

under static vacuum to about 2 mL without using a warming bath; instead room 

temperature water was poured over the flask whenever it appeared frosty. The 
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final milliliters of solvent were removed with a stream of N2. Unfortunately, no 

enediyne 3 was isolated after many reaction attempts. 
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2.7 Appendix B 

 
 2.7.1 Nucleophilic additions toward a different para-benzyne  

derived from 3,4-benzocyclodeca-1,5-diyn-3-ene (14) 

 
In our search for better synthetic procedures to afford model enediynes for 

our studies, we found another one suitable: 3,4-benzocyclodeca-3-ene-1,5-diyne 

(14). Even though it is also a 10-membered ring, it requires more heating than 

cyclodeca-1,5-diyn-3-ene (3) in order to cyclize since the “ene” moiety is actually 

a partial double bond from the arene. Also, it is important to mention the fact that 

cyclization of 14 is no longer rate-limiting due to its reversibility, since the 

compound is already aromatic and the intermediate will be less aromatic (see 

Chapter 1 for more details). Still, it will undergo BC, and could allow us to keep 

exploring the non-radical chemistry of diradicals with Nu-, especially since our 

reactions are carried out in excess [nucleophile], which makes the BC rate-

limiting. This would lead to another example of novel Nu- additions to a para-

benzyne intermediate (Scheme 2.7.1). 
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Scheme 2.7.1 Proposed mechanism for haloaromatic formation via halide 

addition to para-benzyne diradical (15) derived from 3,4-
benzocyclodeca-1,5-diyn-3-ene (14). 

 

We performed individual Nu- additions with benzo-enediyne 14, 

tetrabutylammonium (Bu4N+) salts including iodide (I-), and bromide (Br-), cyanide 

(NC-), thiocyanate (NCS-), in DMSO at 85 oC for 48 hours. These preliminary 

reactions were carried in order to identify and confirm Nu- addition products by 1H 

NMR and GC-MS. As with enediyne 3, excess nucleophile (100-fold excess; 500 

mM) and a low concentration of 14 (5 mM) were used in order to minimize 

polymerization. The reactions were carried out at 85˚C for 48 hours (reaction time 

was selected according to measured rate constants and half-lives for the 

cyclization of 14 into para-benzyne 15).[38] After approximately 4 half lives, and 

95% completion was expected. After extractions, crude products were analyzed 

by GC-MS and 1H NMR without further purification. In representative studies, 

samples were prepared as described above, with care to ensure that the 
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samples were identical in all respects except for the variable being tested, e.g., 

different Nu-. 

As observed before in our group with para-benzyne 4, halides I- and Br- 

react with the para-benzyne 15 to afford 5-halo-1,2,3,4-tetrahydroanthracene 

(17). Moreover, we can tell that the reaction was successful for NCS-. Multiple 

signals were observed between δ 7.4 and 8.4 in the Ar region of the 1H NMR 

spectra (see Appendix C). GC–MS analysis showed volatiles with m/z 

corresponding to M+ = C14H13(Nu) (see Appendix C). The NC- product 17-CN 

was not observed.  

 

 2.7.2 Characterization of products in experiments with  
benzoenediyne (14) 

 
 5-iodo-1,2,3,4-tetrahydroanthracene (17-I). 1H NMR (500 MHz, CD3CN): 

[Ar region] δ 7.41 – 7.50 (4H, m), 7.60 (1H, s),  7.70 (1H, d, J = 8 Hz),  8.14 (1H, 

d, J = 8 Hz). GC-MS (EI) m/z calculated for C14H13I: 308.0; found 308.0. 

 5-bromo-1,2,3,4-tetrahydroanthracene (17-Br). 1H NMR (500 MHz, 

CD3CN): [Ar region] δ 7.43 – 7.52 (4H, m), 7.60 (1H, s), 7.75 (1H, d, J = 8 Hz), 

8.18 (1H, d, J = 8 Hz). GC-MS (EI) m/z calculated for C14H13Br: 260.0; found 

260.0, plus peak at 262.0 (81Br). 

5-thiocyano-1,2,3,4-tetrahydroanthracene (17-SCN). 1H NMR (500 

MHz, CD3CN): [Ar region] δ 7.53 – 7.67 (4H, m), 7.87 (1H, s), 7.89 (1H, d, J = 8 

Hz), 8.40 (1H, d, J = 8 Hz). 
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 2.7.3 Monitoring I- addition towards para-benzyne derived from 3,4- 
                    benzocyclodeca-1,5-diyn-3-ene (14) 

 
Since enediyne 3 experiments have been conducted in CD3CN to 

understand the role of solvation of Nu- addition to diradical 4 by calculating 

relative ratios by 1H NMR, we decided we should conduct experiments with 

benzo-enediyne 14 in CD3CN too. For this, reactions must be run in 

temperatures lower than in previous experiments (boiling point of acetonitrile ~ 

82 oC), thus we decided to run a test reaction at 70 oC. To our knowledge, there 

is no measured rate constant for the BC of benzo-enediyne 14 at this 

temperature, especially in conditions where diradical 15 is trapped with Nu-. 

The BC of benzo-enediyne 14 to the corresponding arene 17-I via I- 

trapping of diradical 15 was monitored by 1H NMR integration relative to an 

internal standard (IS) at 70 oC. Iodide (I-) was selected as the Nu- source since it 

affords higher yields, and competes more effectively for para-benzyne 15 

compared to other anionic nucleophiles. Maleic acid (δ 6.3) was the internal 

standard used for this reaction, since its 1H NMR signal would not interfere with 

expected product peaks, and it could also function as the proton source for the 

monitored transformation. Excess iodide and a low concentration of 14 were 

used in order to minimize polymerization, and to establish pseudo-first order 

conditions.  

Representative 1H NMR spectra for this experiment can be found in 

Appendix C. We plotted the disappearance of 14 and the formation of 17-I 
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relative to IS versus time (Figure 2.7.1), and the pseudo-first order reaction rate 

constant, kobs, was extracted from plotting the ln of the relative integration of 14 

and IS as a function of time (Figure 2.7.2). The measured kobs was determined as 

3.67 x 10-6 sec-1 with a half-life (t1/2) of 52.5 hrs at 70 oC. 

 
 
Figure 2.7.1 Plot of peak areas of 3,4-benzocyclodeca-1,5-diyn-3-ene (14)  and 

5-iodotetrahydroanthracene (17-I) relative to IS (Ax/AIS) versus time 
in the reaction of I- with para-benzyne (15). 
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Figure 2.7.2 Plot of the natural logarithm of peak areas of 3,4-benzocyclodeca-
1,5-diyn-3-ene (14) and 5-iodotetrahydroanthracene (17-I) relative 
to IS {ln(Ax/AIS)} versus time in the reaction of I- with para-benzyne 
(15). 

 

 2.7.4 Preliminary competition between X- toward para-benzyne (15) 

 
 Now that we have accomplished the first Nu- additions to para-benzyne 

15, our focus is to keep exploring their reactivities by putting them to compete 

with each other. This can be addressed by preparing binary mixtures of varying 

ratios of Nu-, and letting them react with the diradical, as same as previous 

experiments with diradical 4. Then, by assaying the product ratio of the two (Nu)-

arene products, we would know which one reacts more readily towards the para-

benzyne 15, and by how much. This will give us more insights about the role of 
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solvation in creating a barrier for nucleophilic addition towards 15, and we could 

differentiate it from solvation effects for nucleophilic addition towards 4. 

 Preliminary experiments were done with I- and Br- at 70˚C for ~ 200 hours 

(reaction time was selected according to measured rate constant and half-life for 

the BC of 14 into para-benzyne 15 presented above). 1H NMR and GC-FID 

peaks were integrated in order to assay relative ratio, and determine relative 

reactivity. In the 1H NMR we chose to integrate the most downfield signal 

(doublet) to avoid the possibility of overlapping signals. Table 2.7.1 shows the 

product ratios and the relative reactivity for this competition experiment. The 

competition experiment between I- and Br- shows I- reacting ~ 7 times faster than 

Br- towards the para-benzyne 15. 

 

Table 2.7.1 Product ratio and relative reactivity of I- and Br- towards the para-
benzyne diradical 15 derived from 3,4-benzocyclodeca-1,5-diyn-3-
ene (14). 

 
Product ratio 

(A- / B-) 
Competing 

nucleophiles (Nu-) 

mmol ratio 

(A- / B-) 
NMR FID a 

Relative 

Reactivity 

(kA- / kB-) 

I- vs Br- 1 : 5 1.4 1.3 6.8 ± 0.4 b 

a ECN corrected product ratio was calculated based on ECN for the different 1-

(Nu)tetrahydroanthracenes, similar to 1-(Nu)tetrahydronaphthalenes presented in 

Table 2.5.1. b Relative reactivity was determined using eq 2 (found in Section 

2.5). 
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 Again, complete D incorporation in the afforded products after Nu- 

additions is observed (highlighted in Appendix C). This brings evidence to the 

formation of aryl anion 16, which has never been documented before. 

 
 
 2.7.5 Discussion 

 
 We have extended our studies of the reaction of para-benzyne 4 in the 

presence of some nucleophiles to new studies on the formation of para-benzyne 

15 from benzoenediyne 14, and its reaction with Nu-. Our results represent the 

first example of addition of halides to para-aryne 15 to afford 5-

halotetrahydroanthra-cenes. We also had success in our attempts to trap 

diradical 15 with NCS- to afford 17-SCN.   

Preliminary kinetic studies performed in excess I- showed first order 

kinetics consistent with rate-limiting BC of benzo-enediyne 15. The measured 

kobs was determined as 3.67 x 10-6 sec-1 with a t1/2 = 52.5 hrs at 70 oC in DMSO-

d6. Preliminary competition experiments reflect the ease of Nu- desolvation, with 

the smaller, more highly solvated Br- being slower than I- towards 15. 

 As with addition experiments of Nu- towards diradical 4, D incorporation 

was observed in the afforded products after X- additions towards diradical 15 

performed in deutero solvents. This brings evidence to the formation of aryl anion 

16. 
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 2.7.6 Synthesis of benzocyclodeca-1,5-diyn-3-ene (14). 

 
We decided to follow a standard procedure by Semmelhack et al. for the 

construction of benzo-fused enediyne 14.[38] Despite careful attention to detail 

and repeated attempts (e.g. different bases and addition rates), we were unable 

to isolate the final product 14 since we kept recovering the starting material 1,2-

diethynylbenzene (18) and obtaining the intermolecular product 19 at the last 

step of the synthesis (see Scheme 2.7.2).  

 

Scheme 2.7.2 Semmelhack’s synthetic route for the construction of 3,4-
benzocyclodeca-1,5-diyn-3-ene (14). 

 

Fortunately, we came up with a different route to afford enediyne 14 after 

modifying a previously reported synthesis of a CDPI3-enediyne conjugate by 

Boger et al.[39] (see Scheme 2.7.3).  
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Scheme 2.7.3 Modified synthetic route for the construction of 3,4-benzo-

cyclodeca-1,5-diyn-3-ene (14). 
 

We decided to synthesize alcohol 20, which was easily obtained by 

following Boger’s published procedure. Then, by converting the alcohol into a 

leaving group, an intramolecular cyclization could be performed to afford benzo-

fused enediyne 14. Tosylation to afford substrate 21 was easily obtained, but the 

10-exo-tet cyclization to afford enediyne 14 was not trivial. Extensive optimization 

of the cyclization was undertaken, until a procedure was arrived upon which 

allowed for a consistent isolated product yield of ~ 15 % and a decent amount of 

product enough to proceed for Nu- additions to para-benzyne 15. The revised 

conditions for isolation of 21 and 14 are described here: 

 

  

 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   104 

 

  

 

 

 6-(2-ethynylphenyl)hex-5-ynyl-4-methylbenzenesulfonate (21). A 

solution of 6-(2-ethynylphenyl)hex-5-yn-1-ol (20) (212 mg, 1.1 mmol) in CH2Cl2 

(15 mL) under Ar at 0˚C was treated with p-toluenesulfonyl chloride (250 mg, 1.3 

mmol, 1.2 equiv.), Et3N (0.2 mL, 1.3 mmol, 1.2 equiv.), and DMAP (20 mg, 0.16 

mmol, cat.) were added, and the reaction mixture was allowed to warm to room 

temperature and stirred under Ar for 24 h. The solution was treated with a 

solution of saturated aqueous NH4Cl (50 mL), and extracted with CH2Cl2 (3 x 30 

mL). The combined CH2Cl2 extracts were washed with brine (2 x 30 mL), dried 

(Na2SO4), and concentrated in vacuo. The crude product was purified by flash 

column chromatography (SiO2, 4:1 hexanes in ethyl acetate) to yield 264 mg, 

0.75 mmol of the desired product (70% yield). 1H NMR (500 MHz, CDCl3), δ 7.79  

(2H, d, J = 8 Hz), 7.47  (1H, d, J = 7.5 Hz), 7.36 (1H, d, J = 7.5 Hz), 7.32 (2H, d, J 

= 8 Hz), 7.27 – 7.20 (2H, m), 4.09 (2H, t, J = 6.3 Hz), 3.25 (1H, s)  2.45 (2H, t, J = 

6.6 Hz), 2.43 (3H, s), 1.901 (2H, m), 1.65 (2H, m).  

 

 

  

 

 3,4-benzocyclodeca-1,5-diyn-3-ene (14).The reaction was carried out in 

strictly anhydrous conditions under argon. A solution of 6-(2-ethynylphenyl)hex-5-
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ynyl-4-methylbenzenesulfonate (20) (250 mg, 0.71 mmol) was transferred into a 

5 mL plastic syringe and was added to the reaction flask via a syringe pump over 

the course of 3 hours containing THF of (60 mL), and lithium 

hexamethyldisilylamide (LiHMDS 1.0 M in THF, 2.0 mL, 2 mmol, ~ 3 equiv.). 

After the substrate addition, the reaction was stirred at room temperature under 

Ar for 5 hours. The reaction mixture was then added to aqueous NH4Cl (30 mL) 

and Et2O (25 mL). The organic phase was then washed with 1N HCl (2 x 50 mL), 

saturated aqueous NaHCO3 (2 x 50 mL), and saturated brine (50 mL), dried over 

Na2SO4, and concentrated in vacuo. The crude mixture was then purified on a 

preparative TLC plate (SiO2) with 4:1 hexane in EtOAc as the eluent. The 

product band was scraped from the plate and extracted with 5 x 10 mL of 

pentane. The solution was then filtered through a cotton-plugged pipet, yielding 

the enediyne 14 (17 mg, 0.09 mmol, 13% yield). 1H NMR (500 MHz, CDCl3), δ 

7.30 (2H, dd, J = 6, 3.5 Hz), 7.19 (2H, dd, J = 6, 3.5 Hz), 2.45 (4H, m), 1.96 (4H, 

m). 1H NMR resonances in DMSO-d6

 

corresponded with literature values.[37] 
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2.8 Appendix C 

 2.8.1 1H NMR spectra 
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 2.8.2 IR spectra 
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2.8.3 Mass spectra 
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  Chapter 3 

Relative kinetic acidities and kinetic isotope effects in the neutralization of 
an aryl anion generated by iodide addition to a para-benzyne derived from 

an enediyne  
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3.1 Introduction 
 

 Our group has provided evidence for a new reaction involving nucleophilic 

addition of a halide (X-) to a para-benzyne intermediate (2), formed by Bergman 

cyclization (BC) of cyclodeca-1,5-diyn-3-ene, or enediyne 1 (Scheme 3.1.1).[1] 

 
Scheme 3.1.1 Proposed mechanism for haloaromatic formation via halide 

addition to para-benzyne diradical (2) derived from cyclodeca-1,5-
diyn-3-ene (1). 

 

Studies showed first-order kinetics, where the rate-determining step of this 

reaction is the cycloaromatization of 1, independent of the concentration of X- or 

RCOOH, and even of whether the halide is Cl-, Br-, or I-. Halide additions were 

performed in DMSO and DMSO-d6, where buffered conditions were established 

by adding a carboxylic acid (pivalic or acetic) to avoid formation of a base, which 

would complicate the reaction by functioning as another nucleophile (formation of 

4 consumes HX, and the reaction produces an equivalent of base). 

Deuterium incorporation represented an interesting manifestation of 

selectivity in the reactions of aryl anion 3 generated following halide addition. The 

fact that DMSO-d6 competed with the added RCOOH demonstrated that the 

species being generated is a very strong base, and it is unselective toward 
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hydronation. In reactions run in DMSO-d6, deuterium content of 4 was observed 

to increase from X = I to Br to Cl, where it was inferred that the variations 

aroused indirectly through hydrogen bonding of X- to the added RCOOH, which 

reduced its reactivity relative to that of DMSO-d6 (hydrogen bonding increases 

from I- to Br- to Cl-), and where variations with halide were too large to be due to 

substituent effects of X on the basicity of the para lone pair of 3 (Table 3.1.1).[1]  

 

 

 

 

 

Table 3.1.1 % Deuterium incorporation into 1-halotetrahydronaphthalene 4.[1] 

DMSO-d6 
4-X 

1H NMR GC–MS 

Cl 67 % 60 % 

Br 51 % 44 % 

I 42 % 40 % 

Conditions: 1 (5 mM), LiX (500 mM), RCOOH (19 mM), DMSO-d6, 37 oC, ~ 80 

hrs. 

 

Is this manifestation of selectivity only dependent on hydrogen bonding of 

the X- to RCOOH? This unselective abstraction along with the extensive 

deuteration could be explained by the high concentration of solvent compared to 
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the amount of protic acid in the reaction mixtures,[2] and to hydrogen bonding of 

the protic acid to solvent (known to be a good proton acceptable polar solvent),[3] 

which retards its deprotonation and increases the effectiveness of DMSO-d6. Is 

there any selectivity in the hydronation step between solvent and a protic acid? 

What about selectivity of 3 towards different solvents? Could relative kinetic 

acidities be measured? Would the counterion change the nature of the 

intermediate, and thus the variations in the extent of deuteration? To provide 

more insights into the nature and selectivity of aryl anion 3, we performed iodide 

additions in binary solvent mixtures of varying ratios of labeled and unlabeled 

solvents, and we report relative kinetic acidities and kinetic isotope effects (KIE) 

between solvents on this hydronation step measured by assaying the deuterium 

content of iodotetralin 4-I. We also present other alternatives to quenching of the 

aryl anion by capture with electrophiles. Iodide (I-) was selected as the halide 

source since it affords higher yields and competes more effectively for para-

benzyne 2 compared to Br- or Cl-.[1,2,4] 

Our goals are to keep exploring and defining the non-radical chemistry of 

diradical 3, the role of solvation in the extent of deuteration and selectivity of 3, 

and differentiate the latter intermediate from other aryllithium or Grignard 

compounds by comparing the corresponding products for their quenching 

reaction. For this, a complete understanding of chemical reactivity is of 

considerable importance, and knowledge of the neutralization of aryl anion 3 will 

provide insights into its reaction mechanism. 
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3.2 Results 

 
 3.2.1 Deuterium content on neutralization of aryl anion 3 

 
  We performed iodide additions with enediyne 1, lithium or 

tetrabutylammonium iodide (LiI, Bu4NI), and added acetic acid (RCOOH; 50 mM) 

at 55 oC for 10 hours. Iodide (I-) was selected as the halide source since it affords 

higher yields and competes more effectively for para-benzyne 2 compared to Br- 

or Cl-.[1,2,4] Even though the reaction produces an equivalent of acetate that could 

function as a nucleophile towards the diradical, it is not able to compete with I-.[2,4] 

Three signals for 4-I were observed between δ 6.8 and 7.7 in the 1H NMR 

spectra, with one doublet often weaker than the other two signals due to 

deuterium incorporation at the para position. As a result of nearly complete D-

incorporation in CD3CN, only two doublets were observed between 6.79 and 7.64 

ppm, plus a weak, barely observed doublet that is at a chemical shift between 

those two doublets, suggesting very little protium incorporation. The extent of 

protonation increases in DMSO-d6, where the most upfield doublet appeared to 

start becoming a multiplet, and an increase in the intensity of the small doublet 

between the two previous signals was observed. 

 GC–MS analysis showed volatiles with m/z corresponding to M+ = 

C10H10ID, plus a minor peak at M+–1 = C10H11I (undeuterated). According to both 

1H NMR integration and GC–MS analysis, 4-I is partially deuterated at the para 

position when reactions are carried out in DMSO-d6 and almost fully deuterated 
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when reactions are carried in CD3CN, even though no efforts were made to 

remove water from these solvents.  

 An interesting result is the fact that no changes in the extent of deuteration 

were observed when Bu4NI replaced LiI. This means we are studying a naked 

aryl anion, not the usual organometallic, and it allows us to refer to 3 as an aryl 

anion. 

  

 3.2.2 Source of H 

  
 Preliminary experiments were intended to measure relative kinetic 

acidities between solvent and RCOOH, and to measure the KIE for RCOOH by 

preparing binary mixtures of either deutero solvent and RCOOH or protio solvent 

and RCOOD. But these showed the extent of H/D incorporation to be 

independent of the concentration of added RCOOH(D). Also, the D content was 

observed to be the same with or without the addition of RCOOH. Therefore the 

dominant H-donor is not RCOOH, as had been assumed,[1] but residual H2O in 

the solvent. Again, these experiments showed no changes in the extent of 

deuteration when Bu4NI replaced LiI. Also, addition of CH3OH to deuterated 

solvent did not affect extent of deuteration. Many efforts were made to determine 

kCH3OH/kDMSOd6, and kCH3OH/kCD3CN based on D content, but we were 

unable to observe different extents of deuteration of 3 with variations of 

concentration of CH3OH. 
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 Recently, we reported studies of relative reactivities between common 

nucleophiles toward 2, which also showed full deuteration on the corresponding 

1-(Nu)tetralins even in the presence of RCOOH.[4] We also performed I- additions 

to para-benzyne 2, where a decreasing D content in 4-I was observed with an 

increase of H2O–CD3CN solvent ratio. Indeed, D content in 4-I is dependent on 

[H2O], and is independent of [RCOOH]. 

  

 3.2.3 Relative kinetic acidities between solvents. 

 

 

 

 

The relative kinetic acidities in this work were determined by a direct 

competitive method based on % D in 4-I, and taking into account the 

concentration of solvents: H2O, D2O, CH3CN, CD3CN, DMSO, and DMSO-d6. 

Other values were measured indirectly by combining relative reactivities 

determined by the direct competition. Product deuterium contents from 

hydronation of aryl anion 3 in mixtures of solvents are presented below. All of the 

results are representative for both Bu4NI and LiI, which show the same extent of 

deuteration. 

 The observed patterns in the aromatic region of the NMR spectra due to 

extents of deuteration are informative, and perhaps uniquely so. Figure 3.2.1 

shows the aromatic region of representative 1H NMR spectra of 4-I that reveal 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   139 

 

the extent of deuteration from reaction in various solvent mixtures. As mentioned 

above, the varying extent of deuterium incorporation at the para position is 

clearly evident in the 1H NMR spectrum. With an increase in the extent of 

deuteration, the doublet at δ 7.07 ppm starts to disappear, and the more upfield 

signal, the triplet, starts simplifying into a doublet. Mass spectra of 1-

iodotetrahydronaphthalene also revealed the extent of deuteration in various 

solvent mixtures. With an increase in D content, changes in the relative 

intensities of m/z = 258 and 259 are clearly observed (see Appendix). 
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Figure 3.2.1 Aromatic region of 1H NMR spectra of 1-iodotetrahydronaphthalene 
(4-I), showing the extents of deuteration in the neutralization of aryl 
anion 3 in different solvent mixtures (deuteration increases in the 
order of black < blue < red). 
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 Tables 3.2.1 to 3.2.8 summarize the eight different experiments that 

provided experimentally measured D content in 4-I and the relative kinetic 

acidities derived therefrom. Equations 1 to 8 were used to determine these (see 

Section 3.5.8).  

 

1) CD3CN versus H2O: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

CD3CN and H2O is presented in Table 3.2.1. Also included are relative kinetic 

acidities, calculated according to eq 1. The average kH2O/kCD3CN is 7.94. 

 

Table 3.2.1 % Deuterium content of product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of 1.00 mL CD3CN 
and added H2O. 

 
% D Vol. H2O 

(µL) 

 [H2O] a  

(M) 
[CD3CN] 

NMR MS 
kH2O/kCD3CN 

0   0.238 b 19.06 92 90 7.91 

25 1.59 18.59 60 57 8.31 

50 2.87 18.15 45 45 7.73 

75 4.10 17.73 35 36 7.87 

100 5.26 17.32 29 30 7.87 

a Including residual. b Residual, to minimize the relative standard deviation of 

kH2O/kCD3CN. 
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2) DMSO-d6 versus H2O: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

DMSO-d6 and H2O is presented in Table 3.2.2. Also included are relative kinetic 

acidities, calculated according to eq 2. The average kH2O/kDMSO-d6 is 39.09. 

 

Table 3.2.2 % Deuterium content of product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of 1.00 mL DMSO-d6 
and added H2O. 

 
% D Vol. H2O 

(µL) 

 [H2O] a  

(M) 

[DMSO-d6] 

(M) NMR MS 
kH2O/kDMSO-d6 

0    0.11 b 14.06 87 84 21.68 

2  0.22 14.03 63 63 37.37 

5  0.39 13.99 50 47 38.53 

8  0.55 13.95 42 39 37.29 

10  0.66 13.92 34 32 42.93 

a Including residual. b Residual, to minimize the relative standard deviation of 

kH2O/kDMSO-d6. 
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3) CD3CN versus CH3CN: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

CD3CN and CH3CN is presented in Table 3.2.3. Also included are relative kinetic 

acidities, calculated according to eq 3, with kH2O/kCD3CN = 7.94, the average 

from Table 3.2.1. No change in the extent of deuteration was observed with 5 µL 

of added water; the contribution to the KIE that this amount of water is expected 

to make is < 0.1. 

   

Table 3.2.3 % Deuterium content of product and kinetic isotope effect (KIE) for 
acetonitrile in the hydronation of aryl anion 3 in solvent mixtures of 
CD3CN and CH3CN. 

 
% D Vol. 

CD3CN 

(mL) 

Vol. 

CH3CN 

(mL) 

[CD3CN] 

(M) 

[CH3CN] 

(M) NMR MS 

kCH3CN/ 

kCD3CN  

1.00 0.00 19.06 0.00 100 96 - 

0.50 0.50 9.53 9.53 29 31 2.13 

0.67 0.33 12.77 6.29 46 45 2.13 

0.67   0.33 a 12.77 6.29   46    44 2.18 

0.80 0.20 15.25 3.81 59 56  2.45 

a With 5 µL of added water. 
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4) CH3CN versus D2O: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

CH3CN and D2O is presented in Table 3.2.4. Also included are relative kinetic 

acidities, calculated according to eq 4, using kH2O/kCH3CN = 3.77, the average 

in Table 3.2.9. 

 

Table 3.2.4 % Deuterium content of product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of CH3CN and D2O. 

 
% D Vol. 

D2O 

(mL) 

Vol. 

CH3CN 

(mL) 

[D2O] 

(M) 

[CH3CN] 

(M) NMR MS 
kD2O/kCH3CN 

200 0.80 11.05 15.25 71 67 3.25 

150 0.85 8.29 16.20 62 57 3.03 

100 0.90 5.53 17.15 53 49 3.40 

75 0.93 4.15 17.63 40 41 3.04 
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5) CD3CN versus DMSO: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

CD3CN and DMSO is presented in Table 3.2.5. Also included are relative kinetic 

acidities, calculated according to eq 5, using kH2O/kCD3CN = 7.94, the average 

from Table 3.2.1. 

 

Table 3.2.5 % Deuterium content on product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of CD3CN and DMSO. 

 
% D Vol. 

CD3CN 

(mL) 

Vol. 

DMSO 

(mL) 

[CD3CN] 

(M) 

[DMSO] 

(M) NMR MS 
kCD3CN/kDMSO 

0.50 0.50 9.53 7.03 69 67 2.27 

0.33 0.67 6.29 9.42 55 53 2.27 

0.20 0.80 3.81 11.25 37 38 2.13 
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6) DMSO versus DMSO-d6: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

DMSO and DMSO-d6 is presented in Table S6. Also included are relative kinetic 

acidities, calculated according to eq 6, with kH2O/kDMSO-d6 = 39.09, the 

average from Table 3.2.2. 

 

Table 3.2.6 % Deuterium content of product and kinetic isotope effect (KIE) for 
DMSO in the hydronation of aryl anion 3 in solvent mixtures of 
DMSO-d6 and DMSO. 

 
% D Vol. 

DMSO-d6 

(mL) 

Vol. 

DMSO 

(mL) 

[DMSO-

d6] 

(M) 

[DMSO] 

(M) NMR MS 

kDMSO/ 

kDMSO-d6 

1.00 0.00 14.06 0.00 80 78 - 

0.95 0.05 13.36 0.70 65 63 4.85 

0.90 0.10 12.66 1.41 61 59 4.35 

0.80 0.20 11.25 2.81 40 41 2.95 

0.67 0.33 9.42 4.64 27 25 4.58 
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7) DMSO versus D2O: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

DMSO and D2O is presented in Table 3.2.7. Also included are relative kinetic 

acidities, calculated according to eq 7, with kH2O/kDMSO = 17.65, the average in 

Table 3.2.9.  

 

Table 3.2.7 % Deuterium content of product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of 1.00 mL DMSO and 
D2O. 

 
% D Vol. D2O 

(µL) 

[D2O] 

(M) 

[DMSO] 

(M) NMR MS 
kD2O/kDMSO 

10 0.55 13.92 28 24 10.19 

20 1.08 13.79 35 37 8.16 

30 1.61 13.65 45 48 8.42 

40 2.13 13.52 53 57 8.89 

50 2.63 13.39 64 62 9.92 
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8) CH3CN versus DMSO-d6: 

 Product deuterium content from hydronation of aryl anion 3 in mixtures of 

CH3CN and DMSO-d6 is presented in Table 3.2.8. Also included are relative 

kinetic acidities, calculated according to eq 8, with kH2O/kDMSO-d6 = 39.09, the 

average from Table 3.2.2. 

 

Table 3.2.8 % Deuterium content on product and relative kinetic acidities in the 
hydronation of aryl anion 3 in solvent mixtures of CH3CN and DMSO-
d6. 

 
% D Vol. 

CH3CN 

(mL) 

Vol. 

DMSO-d6 

(mL) 

[CH3CN] 

(M) 

[DMSO-d6] 

(M) NMR MS 

kCH3CN/ 

kDMSO-d6 

0.10 0.90 1.91 12.66 32 29 12.62 

0.80 0.92 1.52 12.94 45 41 8.17 

0.05 0.95 0.95 13.36 50 49 9.53 

0.03 0.97 0.57 13.64 61 57 8.81 

0.01 1.00 0.19 13.92 71 67 9.91 

 
 

 The relative kinetic acidities derived from experimentally measured D 

content were then combined to evaluate the relative kinetic acidities between 

solvents where it is impossible to distinguish the source of H or D in product, 

such as kCH3CN/kDMSO, kCD3CN/kDMSOd6, kH2O/kCH3CN, kH2O/kDMSO, 

kD2O/kCD3CN, and kD2O/kDMSOd6. Equations for indirect measurement of 
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relative kinetic acidities and other specific details involved in these calculations 

can be found in Section 3.5.8. 

 Table 3.2.9 summarizes the relative kinetic acidities and KIEs determined 

either by D content in 4-I or by simple algebra using corresponding rate ratios, or 

both. These show H2O reacting ~ 4 times faster than CH3CN, and ~ 18 times 

faster than DMSO towards aryl anion 3. These also show CH3CN, reacting ~ 5 

times faster than DMSO towards aryl anion 3. Some of these values, such as 

kH2O/kD2O, kCH3CN/kCD3CN, and kDMSO/kDMSOd6 represent the kinetic 

isotope effect (KIE) for a particular solvent. The magnitude of KIEs for H2O, 

CH3CN, and DMSO are  ~1.2, ~ 2.1, and ~ 3.2, respectively. Relative kinetic 

acidities are the same, within a small experimental error, regardless of whether 

they are measured directly using eq 1 to 8 or measured indirectly via eq 9 to 30. 

Large uncertainties were observed only when measuring relative kinetic acidities 

by direct measurement of D content for DMSO–DMSO-d6 and DMSO–D2O 

competitions. But we were able to calculate these relative reactivities indirectly. 

Limitations for these two experiments are a result of initial water content on 

DMSO, which competes more effectively towards hydronation of 3. This is not 

the case for CH3CN–CD3CN and CH3CN–D2O competitions since acetonitrile 

competes well towards hydronation, unlike DMSO (kH2O/kDMSO-d6 > 

kH2O/kCD3CN). 
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 3.2.4 Neutralization of organometallic species 

 
 In order to differentiate the aryl anion 3 from an organometallic species, 

we performed neutralizations of 1-naphthylmagnesium bromide (5) and 1-

naphthyllithium (6) at room temperature in binary mixtures of varying ratios of 

CD3CN–H2O, CH3CN–D2O, DMSO-d6–H2O and DMSO–D2O.  We then screened 

the products from their quenching reactions and assayed the D content in 

naphthalene (7) by GC-MS. Product deuterium content from hydronation of 

Grignard species 5 in these solvent mixtures is presented in Table 3.2.10. These 

experiments show no variation with solvent composition in extents of D content in 

7. Instead water is the only H/D-donor in the reaction mixtures. These also show 

the poor quality of the commercially available Grignard reagent, since full 

deuteration was never afforded even when quenching with D2O only. D content 

when quenching with D2O was the same as when quenching with varying ratios 

of Solv-d–H2O and Solv-h–D2O. Thus the Grignard reagent was already 

contaminated with quenched product, or 7. 

 We also prepared 1-naphthyllithium (6) from 1-bromonaphthalene + tBuLi 

(preparation is discussed in Section 3.5). These experiments showed no clear 

variation in extents of D content of 7 when varying concentration ratios of 

CD3CN–H2O and CH3CN–D2O (Table 3.2.11). But more importantly, aryllithium 6 

acts as a nucleophile and adds to acetonitrile, to afford, after hydrolytic workup, 

adduct 1-1-(naphthalen-1-yl)ethan-1-one (8), even in the presence of H2O or D2O 

at different extents of deuteration (Scheme 3.2.1). GC–MS analysis showed 
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volatiles with m/z consistent with adduct 8 at various extents of deuteration (see 

Appendix).  No such product was detected in reactions of aryl anion 3.   

 
Table 3.2.10 % Deuterium content of naphthalene (7) from the hydronation of 1-

naphthylmagnesium bromide (5) in solvent mixtures of CH3CN–
D2O, CD3CN–H2O, DMSO–D2O, and DMSO-d6–H2O. 

 
Vol. H2O 

(mL) 
Vol. CD3CN 

(mL) 
[H2O] (M) [CD3CN] (M) % D (MS) 

0.10 1.90 2.22 14.55 

0.20 1.80 4.44 13.78 

0.30 1.70 6.66 13.02 

0 

Vol. D2O 
(mL) 

Vol. CH3CN 
(mL) 

[D2O] 
(M) 

[CH3CN] 
(M) 

% D (MS) 

2.00 - 44.22 - 65 

0.10 1.90 2.21 14.55 

0.20 1.80 4.42 13.78 

0.30 1.70 6.63 13.02 

~ 63 

Vol. H2O 
(mL) 

Vol. DMSO-d6 

(mL) 
[H2O] 
(M) 

[DMSO-d6] 
(M) 

% D (MS) 

0.10 1.90 2.22 10.71 

0.20 1.80 4.44 10.14 

0.30 1.70 6.66 9.58 

0 

Vol. D2O 
(mL) 

Vol. DMSO 
(mL) 

[D2O] 
(M) 

[DMSO] 
(M) 

% D (MS) 

2.00 - 44.22 - 48 

0.10 1.90 2.21 10.71 

0.20 1.80 4.42 10.14 

0.30 1.70 6.63 9.58 

~ 45 

Two batches of 1-naphthylmagnesium bromide (5) were used, one for CH3CN–

D2O & CD3CN–H2O, and the other for DMSO–D2O & DMSO-d6–H2O. 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   153 

 

  
Scheme 3.2.1 Reaction of 1-naphthyllithium (6) in solvent mixtures of CH3CN–

D2O, and CD3CN–H2O affords reduced product 7, and adduct 8 
at various extents of deuteration. 

        

 

Table 3.2.11 % Deuterium content of naphthalene (7) from the hydronation of 1-
naphthyllithium (6) in solvent mixtures of CH3CN–D2O, and 
CD3CN–H2O. 

 
Vol. H2O 

(mL) 

Vol. CD3CN 

(mL) 

[H2O] 

(M) 

[CD3CN] 

(M) 
% D (MS) 

- 2.00 0.00 15.31 41 

0.10 1.90 2.22 14.55 23 

0.20 1.80 4.44 13.78 16 

0.30 1.70 6.66 13.02 20 

Vol. D2O 

(mL) 

Vol. CH3CN 

(mL) 

[D2O] 

(M) 

[CH3CN] 

(M) 
% D (MS) 

2.00 - 44.22 - 73 

0.10 1.90 2.21 14.55 < 10 

0.20 1.80 4.42 13.78 < 10 

0.30 1.70 6.63 13.02 40 
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 3.2.5 Trapping aryl anion 3 with electrophiles 

  
 We are also interested in exploring other alternatives to quenching of the 

aryl anion 3 by capture with electrophiles such as acetic anhydride, CH3I, 

(CH3)3CSiX (X = CN, Cl). So far, electrophile incorporation by nucleophilic attack 

of 3 has not been observed under the conditions of our studies. Also, we ran 

reactions in the presence of ZnI2, and tried to trap ArZnI, which should be stable 

to protonation, by quenching with CO2 to afford the corresponding acid, but we 

were unable to trap this intermediate. Only 4-I is observed in these experiments 

(> 90 % D, and 60-80 % D in CD3CN and DMSO-d6, respectively). Note that we 

have not observed the addition of anion 3 to acetonitrile. 

 

 3.2.6 Diiodo product: alternative capture of aryl anion? 

 
 In the course of our efforts to trap the aryl anion 3 with I2 as electrophile, a 

singlet at δ 7.4 ppm was observed. We previously showed two iodines 

incorporating to the product (see Chapter 2), leading to equivalent protons, and 

GC-MS also confirmed this result since the mass matched the expected mass for 

a diiodo byproduct (384 m/z).[4] 
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Scheme 3.2.2 Formation of diiodotetralin 9 does not involve the para-benzyne 2 

as an intermediate, but goes through the reaction of enediyne 3 
with I2 prior to cycloaromatization. 

 

 Earlier we rejected the possibility of diradical 2 or aryl anion 3 (generated 

following I- addition) being trapped by I2, since quantitative amounts of diradical 

cannot be generated at room temperature (Scheme 3.2.3; see Chapter 2). But a 

misleading result in recent experiments was the observation of two doublets in 

the Ar region, at δ 7.7 and δ 6.9 (Figure 3.2.2), which we previously believed to 

come from 1-iodotetralin-4-d.  
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Figure 3.2.2 1H NMR spectrum of aromatic region observed in the reaction of I2 
with cyclodeca-1,5-diyn-3-ene (1) in CD3CN at room temperature. 

 

 If we rejected the possibility of anion 3 or diradical 2 being trapped by the 

I2, then it is wrong to conclude that these two doublets come from reduced 

product 6-I due to neutralization of anion 3 with CD3CN. We decided to carry out 

reactions of enediyne 1 with added I- and I2 in both CD3CN and CH3CN. Then, 

the previously observed phenomena in the 1H NMR spectra due to extents of D 

content on 4-I (triplet-to-doublet behavior for Hmeta) could help us differentiate 

these two doublets from the doublets of product 4-I. Figure 3.2.3 shows the 1H 

NMR of Ar region for these reactions, where five signals are observed between δ 

6.8 and 7.7 ppm. The spectra speaks for itself, these two doublets (δ 7.7 and δ 

6.9; shown in Figure 3.2.2) observed with the addition of I2 do not come from 

iodotetralin 4-I even though one of the doublets overlaps with Hortho of 4-I. MS 

analysis confirms these two products (258/259 m/z for 4-I, and 384 m/z for 9), but 
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no other products are observed. The nature of these two doublets that are 

observed only with the addition of I2 to enediyne 1 is still unknown. But more 

importantly, we were able to take advantage of this unique NMR phenomenon 

due to extents of deuteration as a tool for structure determination. 

 

Figure 3.2.3 Representative 1H NMR spectra of aromatic region observed in the 
reaction of I- and I2 with cyclodeca-1,5-diyne-3-ene (1) in (a) CD3CN 
and (b) CH3CN, after 10 hours at 55 oC, which shows 1,4-
diiodotetrahydronaphthalene (9) and 1-iodotetrahydronaphthalene 
(4-I) at two extents of D content (> 90 and 0 % D, respectively). 
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3.3 Discussion 

 
 Iodide additions to diradical 2 in binary solvent mixtures of varying ratios of 

labeled and unlabeled solvents allowed us to assay the deuterium content of 

iodotetralin 4-I by 1H NMR and GC-MS, and report relative kinetic acidities 

between solvents and KIEs in the neutralization of intermediate 3. These showed 

extent of H/D incorporation to be independent of [RCOOH], but dependent on 

concentration of solvent and H2O. The ease of H-transfer to aryl anion 3 follows 

the order of H2O > CH3CN > DMSO, but relative reactivity values are too small to 

be due to acidity of solvents. No changes in the extent of deuteration were 

observed when Bu4NI replaced LiI, which suggest the intermediacy of a naked 

aryl anion. Alternatives to quenching of the aryl anion by capture with 

electrophiles failed, bringing more evidence for the high basicity and low 

electrophilicity of anion 3. Quenching of arylmagnesium bromide 5 showed extent 

of H/D incorporation to be independent of [CH3CN] and [DMSO], but only 

dependent of [H2O]. Aryllithium 6 acts as a nucleophile and adds to acetonitrile, 

even in the presence of H2O, to afford both reduced product 7 and adduct 8. The 

latter was never detected in reactions of aryl anion 3. 

 

 3.3.1 Relative kinetic acidities and KIEs in hydronation of 3 

  
 Based on the data presented, we have demonstrated that H2O competes 

less effectively than other solvents towards hydronation of 3. Excess amount of 

solvent compared to the amount of H2O in the reaction mixtures could explain 
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this observation. Acidity of H2O in CH3CN is expected to be lower than in 

DMSO,[5] rendering H/D even less reactive towards deprotonation, but when 

relative kinetic acidities are evaluated in order to see how much the reactivity of 

H2O towards intermediate 3 varies with solvent, no significant changes are 

observed. Variations are too small to be due to acidity of solvents. As expected, 

this suggests the activity of H+ is irrelevant in this reaction (for an arbitrary solvent 

Solv-H, Ka = ([Solv-][H+])/[Solv-H]). This also suggests an early transition state for 

this neutralization where better solvation of 3 will render H2O more accessible to 

deprotonation, thus smaller extent of deuteration of 3 in DMSO-d6 than in 

CD3CN, as observed (kH2O/kDMSO-d6 >>> kH2O/kCD3CN).  

 As mentioned before, the extent of H incorporation is independent of the 

concentration of added RCOOH; therefore the dominant H-donor is not RCOOH, 

but H2O. Hydrogen bonding of the protic acid to solvent or to excess I- retards its 

deprotonation and increases the relative effectiveness of solvent, as illustrated in 

Scheme 3.3.1.  

 
Scheme 3.3.1 Hydrogen bonding of a hydron acid retards its deprotonation and 

increases the relative effectiveness of solvent. 
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 In competition experiments, CH3CN is ~ 5 times as reactive towards 3 as 

DMSO. The ∆pKa between solvents  (∆pKa ~ 4)[6] is minimally reflected in the 

relative reactivity thus the low selectivity for CH3CN over DMSO, despite a 

difference in acidities of nearly 104-fold, is evidence for high basicity of anion 3. 

The relative kinetic acidities reflect the ease of H/D donation towards 3. This 

goes in accord with the observation that relative reactivities are expected to 

increase as the basicity of the anion decreases for the neutralization of 

carbanions.[7] 

 

 3.3.2 Selectivity and nature of aryl anion 3 

 
 Using relative kinetic acidities, we were able to establish a Brönsted 

relationship in order to indicate the extent of H-transfer in the transition state of 

neutralization of 3, sensitivity of the reaction to changes in acidity, or α. 

                     
    log (Krel) = α |pKa| + log (C)                                       (5) 

 
 In this equation Krel is the reactivity of H-donor relative to H2O, and the pKa 

is specific to the H-donor. The magnitude of the intercept log (C) is irrelevant. 

After plotting log (Krel) vs pKa, we were able to measure α (Figure 3.3.1). The log 

(Krel) was determined from data presented above; pKa values were obtained from 

ref. 6. The magnitude of α ~ 0.05 reflects a very low sensitivity of rate to the 

strength of the proton/deuteron donor, thus H-abstraction from intermediate 3 to 
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be unselective in the competition of H2O and solvent, or between solvents. As 

mentioned above, the pKa difference between CH3CN and DMSO is not reflected 

in their relative reactivity. Similarly to our experiments, Pocker and Exner in their 

isotope effect studies on reaction of organometallics with oxygen acids in 

ethers,[8] observed that changing the proton donor acidity from pKa ~ 10 (phenol) 

to ~ 19 (tert-butyl alcohol) leaves the isotope effect for abstraction apparently 

unaffected.  

 The magnitude of the KIE for H2O (kH2O/kD2O ~ 1) reflects no selectivity 

for ‘H’ in the neutralization of 3 as same as determined KIEs of oxygen acids in 

the neutralization of organolithium (RLi) and RMgX in methanol. Wiberg and co-

workers measured KIEs for these neutralizations, and they observed a KIE close 

to unity (kCH3OH / kCH3OD ~ 0.93).[9] A small isotope effect in the abstraction of 

oxygen acids (kH / kT  ~ 1.2) was also observed by Assarson in his studies on 

methanolysis of Grignard compounds (RMgX; X = I, Br).[10,11] 
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Figure 3.3.1 Brönsted plot for the neutralization of aryl anion 3 as a function of 

pKa. 
 

 He proposed that the O-H bond cleavage takes place in a kinetically 

nearly insignificant step, which involves almost no loss of zero-point energy 

(ZPE). An isotope effect close to unity was also observed by Golding and co-

workers on the quenching of ‘anions’ from 1,3-dithians with water.[12] Friedman 

and Irsa reported a kH / kD ~ 2.5 for the reaction of diethylzinc with water.[13] 

Unlike quenching with oxygen acids, Bryce-Smith and co-workers, observed a kH 

/ kD ~ 2 for metallation of benzene/benzene-d6 by ethyl potassium.[14] 

 These differences in relative reactivities can be explained by differences in 

the overall vibration contributing to the ZPE of each transition state.[15] The C-H 

and O-H bond cleavage appears to involve no loss of ZPE, as suggested by the 

Brönsted plot. Temperature, strength of base, and nature of solvent have to be 
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considered when comparing these, since they all contribute to changes in ZPE. It 

is important to note the nature of the solvent and proton source in our 

experiments, since these are completely different species unlike the cited 

experiments in which the only difference is the broken bond.  

In order to keep differentiating the apparent naked anion 3 from an 

organometallic species, we performed neutralizations of 1-naphthylmagnesium 

bromide (5) and 1-naphthyllithium (6) at room temperature in binary mixtures of 

varying ratios of Solvent-d–H2O and Solvent-h–D2O. The fact D content did not 

vary with variations of solvent ratios when quenching 5 suggests water to be the 

H/D donor in this neutralization step. The observation of D incorporation in 

experiments of aryllithium 6 in CD3CN–H2O, or H incorporation in CH3CN–D2O 

can be misleading. At first, it was unclear whether H/D content in 7 comes from 

water or solvent. But adduct 8 is observed by MS at various extents of 

deuteration, and these contain several acidic protons that could be quenching 

some of the unreacted aryllithium 6. A rapid depletion of water and formation of 

hydroxide/deuteroxide due to generation of both 7 and 8 explains the H-D 

scrambling, and also makes the latter more available for hydronation of 

unreacted 6. The fact that aryllithium 6 is able to add to acetonitrile, even in the 

presence of water, to afford 8 suggests a different behavior for aryllithium 6 to 

that of aryl anion 3. Also, this suggests the lifetime of aryllithium 6 to be long 

enough to get quenched by both water and adduct 8, unlike anion 3. 

Nitriles usually react with organolithium reagents to give ketones. To our 

knowledge, there are only a few examples of deprotonation of acetonitrile, which 
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only include organolithium bases such as t-BuLi, and n-BuLi.[16,17] Other 

deprotonations have been afforded with bases such as NaNH2, and 

NaHMDS.[16,18] The use of bases such as KOCH3 , and KOH can also afford this 

H-abstraction, but in refluxing conditions.[19-21] Protic acid in these reactions 

would only quench the base, and reduce the conversion of -CH2CN. The fact that 

aryl anion 3 prefers to deprotonate acetonitrile, even in the presence of a protic 

acid, is evidence of this intermediate behaving differently than aryl metallic 

species. Also, we have not observed an adduct coming from addition of 3 to 

acetonitrile. Indeed, intermediate 3 behaves like a hard/unselective base with a 

very short lifetime. 

 As mentioned above, no changes in the extent of deuteration of 3 were 

observed when different counterions were used. Our results suggest the same 

selectivity for Bu4N+ as for Li+, which suggests that the lifetime of the anion is so 

short that it does not permit Li+ to migrate to the carbanion at the para position. If 

so, we are dealing with an aryl anion, rather than an aryllithium. This could 

represent the first example of a metal-free intermediate with carbanionic 

character, or a naked carbanion. Similar to our results, Wiberg [7] observed no 

significant changes in KIEs when Li+ or MgBr+ counterions were used. KIEs 

determined by Pocker and Exner [8] also show there are no significant changes in 

their neutralization reactions when different counterions are used (Li+ or MgX+; X 

= I, Br). 

 Bryce-Smith and co-workers proposed a reaction scheme for H-

abstraction in aromatic metallations with metal alkyls (Scheme 3.3.2).[14] 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   165 

 

 

 
 
 
 
 
 
 
 
Scheme 3.3.2 Proposed transition state for the H-abstraction of benzene by a 

metal alkyl species. 
 

 By the principle of microscopic reversibility, the transition state for the 

reverse reaction must be the same. This reverse reaction is analogous to the 

quenching step of 3, but with the absence of a counterion in the transition state. 

With this, and in addition to our relative kinetic acidities and sensitivity 

measurements, we propose the following a reaction scheme (Scheme 3.3.3) for 

the formation and quenching of 3. In the case where Li+ is the counterion, it does 

not play a role in the R-H bond breakage. On the other hand, solvent polarity 

could contribute to stabilization of 3, which would retard its reactivity towards 

protonation as expected for an early transition state of this neutralization. This 

indicates that the reaction is facilitated by a decrease in solvent polarity, thus 

CH3CN should react more readily than DMSO towards aryl anion 3. The relative 

kinetic acidities between solvents support this statement (kCH3CN/kDMSO  ~ 5).  
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Scheme 3.3.3 Proposed mechanism for carbanion formation via iodide addition 

to para-benzyne diradical 2, and the transition state of the 
neutralization of 3. 

 

 So far, we have been differentiating the apparent naked anion 3 from 

organometallic species, rather than with other apparent naked anions. But to our 

knowledge, there is only one closest analogy to a naked aryl anion intermediate. 

Murphy et al. reported the first example of the use of a totally organic electron-

transfer agent, in the absence of photochemical activation, to achieve the 

transformation of aryl halide to an aryl anion.[22] Two products, indanone 12 in 

16% yield and reduced compound 13 in 70% yield, were afforded in the reaction 

of substrate 10 with donor 14 (Scheme 3.3.4).  
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Scheme 3.3.4 Transformation of an aryl halide to an aryl anion using an organic 

electron-transfer agent, in the absence of photochemical 
activation.  

 

 The indanone 12 provided the authors proof of the intermediacy of an aryl 

anion in this transformation. The formation of reduced compound 13 was 

interpreted as the intermediacy of aryl anion 11 and/or the corresponding aryl 

radical, where aryl anion 11 could abstract a proton from the dication 15 or its 

radical-cation precursor, while the putative aryl radical could abstract a hydrogen 

atom from the same sites. More evidence to support the intermediacy of 11 was 

obtained when higher yields of cyclized product were observed for substrates 

that lead to faster cyclizations in these reactions with aryl halides (e.g. esters, up 

to 51 % yield). 

 Our results demonstrate the intermediacy of an aryl anion generated by I- 

addition to para-benzyne 2, and we have been able to give proof of its formation 

by the observation of variations in D content on product 4-I under binary solvent 

mixtures. But, unlike Murphy’s observations with aryl anion 11, we have failed in 

our exploration to other alternatives of quenching aryl anion 3 by capture with 
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electrophiles other than Brönsted acids. Previously, we mentioned this 

observation could be explained by intermediate 3 being an unselective base with 

a very short lifetime, and the fact there is an excess amount of solvent compared 

to the amount of electrophile in our reaction mixtures. But we suggest the 

trapping in Murphy’s work could be proceeding in a concerted process along with 

the electron-transfer to generate the aryl anion, especially since the trapping 

occurs in an intramolecular fashion. This pathway would avoid the formation of 

aryl anion intermediate 11. Competition experiments of this apparent aryl anion in 

mixtures of varying ratios of labeled and non-labeled H-donor and assaying the D 

content on the corresponding product, as it has been performed in our work, 

could serve as more proof to support the formation an aryl anion intermediate in 

their studies. A crossover experiment could also serve as evidence to exclude a 

simultaneous electron-transfer and trapping for the formation of indanone 12. 

  

 3.3.3 New possible route for detoxifying enediyne antibiotics 

  
 Enediynes are among the most potent naturally occurring antibiotics due 

to the generation of a para-benzyne intermediate. The question arose as of how 

organisms that produce extreme potent metabolites, such as the calicheamicin 

family, could evade their own ‘chemical warfare’. The mysterious mechanism of 

self-resistance to these toxins, often shared among bacteria, has contributed the 

problem of antibiotic resistance. For the case of calicheamicin γ1
I (16), it has 
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been shown detoxification is accomplished at the expense of both 16 and a 

resistance protein (calC) through a hydrogen abstraction pathway.[23] 

 The lack of selectivity and high basicity of aryl anion 3, and its generation 

through nucleophilic addition to a para-benzyne intermediate could represent an 

alternative mechanism, besides homolytic atom abstraction, of detoxifying 

enediyne antibiotics (Scheme 3.3.5). This pathway could also compete against 

the previously mentioned self-sacrificial resistance mechanism. 

 

Scheme 3.3.5 Alternative mechanism for detoxifying calicheamicin (16) through 
nucleophilic addition to para-benzyne intermediate (17), followed 
by the quenching of an aryl anion (18). 
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3.4 Conclusion 

 
 A new reaction of para-benzyne 2 with iodide has been presented, which 

goes against the usual reactivity of these diradicals. In this case, they add iodide 

followed by protonation of a highly basic intermediate 3. Relative kinetic acidities 

of CH3CN, CD3CN, DMSO, and DMSO-d6, towards the aryl anion were 

measured, along with relative kinetic acidities of added H2O or D2O and solvent 

toward 3 by assaying the deuterium content of 1-iodotetralin (4-I). These suggest 

H-transfer from H2O to compete more readily -but slower than expected- with H-

transfer from the solvent under the conditions of the study, thus no selectivity 

whatsoever of 3 towards H2O in DMSO or CH3CN. Proton donor acidity from 

solvent or H2O leaves relative kinetic acidities for abstraction apparently 

unaffected. The establishment of a Brönsted relationship supports this, where no 

sensitivity upon strength of H-donor is observed. We were able to provide more 

insights into the nature of aryl anion 3, and distinguish it from arylmetallic 

compounds by comparing products and extents of D incorporation on their 

quenching reaction. Results also reveal this quenching step is not affected by the 

counterion. This suggests the lifetime of aryl anion to be short, not allowing Li+ to 

migrate to the carbanion, thus a naked carbanion rather than aryllithium is the 

nature of our highly basic intermediate. This could represent the first example of 

a metal-free carbanion intermediate. Competition experiments between solvents 

show CH3CN reacting more readily than DMSO towards aryl anion suggesting an 

early transition state, and the role of solvation in stabilization and extent of 
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deuteration of 3. Finally, we presented an alternative mechanism, besides atom 

abstraction, for detoxifying enediyne antibiotics.  
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3.5 Experimental 

 
3.5.1 Materials 

 
Cyclodeca-1,5-diyn-3-ene (1) was synthesized by a standard 

procedure.[4,24,25] Deuterated solvents (CD3CN and DMSO-d6, 99.96% D) were 

purchased from Cambridge Isotope Labs or Aldrich. They were used from freshly 

opened ampoules, or Sure/SealTM bottles, respectively. Unlabeled solvents, 

iodide salts, and 1,3,5-trichlorobenzene (internal standard for NMR) were 

purchased from Aldrich and used without further purification. In general no effort 

was made to remove water from the solvents, since reactions were carried in 

known amounts of water. However, for experiments where H contribution from 

water could compromise results, solvents were dried over activated molecular 

sieves, and a deutero solvent was treated exactly the same as the corresponding 

protio solvent. 

 

 3.5.2 Molecular sieves drying method 

 
For experiments where H contribution from water could compromise 

results, solvents were dried over activated molecular sieves (MS; 3Å for CH3CN 

and CD3CN; 4Å for DMSO and DMSO-d6). These were pre-activated by adding 

them to a dry flask and heating to 150 °C with an oil bath under high vacuum 

overnight. The flask was then filled with Argon, and the MS were used as 

needed.  A glass column was packed with pre- activated MS. It was heated with 
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a flame torch, with a constant Argon flow, to make sure both MS and glassware 

were dry. After cooling the column under inert atmosphere, the solvent was 

passed through this column and collected in a flame-dried flask containing 

activated MS.  

 

3.5.3 Instrumentation 

 
GC-mass spectra were obtained on a Thermo-Finnigan Trace GC/MS Plus 

with an RTX-5MS GC column (Restek, 15 m, 0.25 mm ID, Catalog number 

12620). The helium gas flow rate for the GC column was 1.5 cm3 per minute. The 

GC was operated under "split mode" with a split ratio of 50. The selected method 

for each analysis is described as an electron impact: EI (70eV) – Long Run (2 

min at 60˚C, ramp 15˚C min-1 to 270˚C, 2 min at 280˚C, 16 min trace, 18 min total 

run). 1H NMR spectra were obtained on a JEOL 500-MHz ECA spectrometer. 

The spectra were processed with JEOL Delta and iNMR software. 

 

3.5.4 Sample Preparation 

 
Enediyne 1 and lithium or tetrabutylammonium iodide were dissolved in 

1.0 mL of CH3CN, CD3CN, DMSO, and/or DMSO-d6 in a flame-dried flask to 

afford a solution with [1] = 5 mM and [iodide] = 500 mM (0.5 mmol; 67 mg or 185 

mg LiI or Bu4NI, respectively). Experiments with mixed solvents were prepared 

by volume. Excess iodide and a low concentration of 1 were used in order to 

minimize polymerization. 1,3,5-Trichlorobenzene was included as internal 
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standard (observed at δ 7.41 in CD3CN, and 7.60 in DMSO-d6)1. For some 

experiments, known amounts of H2O were included in order to determine both 

relative kinetic acidities and initial amounts of water present in the labeled 

solvent. Other experiments included additives, such as heavy water (D2O), acetic 

acid (RCOOH/D), methanol (CH3OH/D) or electrophiles, which were added to the 

solution as specified {acetic anhydride, CH3I, (CH3)3CSiX (X = CN, Cl); 

[electrophile] = 100 mM}. The reaction mixture was transferred via cannula to a 

flame-dried NMR tube. The sample tube was sealed, an initial NMR spectrum 

was taken, and the tube was immersed in a 55±1 °C oil bath for 10 hours. 

According to measured rate constants for the cyclization of enediyne 1 to para-

benzyne,[24] this time is sufficient for more than 97 % completion (confirmed as 

95–100 % completion by sample analysis after heating). After this time another 

NMR spectrum was taken. In representative competition studies, samples were 

prepared as described above, with care to ensure that the samples were identical 

in all respects except for the variable being tested, e.g., different concentrations 

of solvents. Specific details for each of the competition studies to probe relative 

kinetic acidities are included in Tables 3.2.1 – 3.2.8. 

 

3.5.5 Characterization of products 

 
 1-iodo-5,6,7,8-tetrahydronaphthalene-4-d (4-I): 1H NMR (CD3CN) δ 

1.69 (2H, m), 1.78 (2H, m), 2.61 (2H, t, J = 7 Hz), 2.71 (2H, t, J = 7 Hz), 6.79 (1H, 

d, J = 7.5 Hz), 7.07 (<1H, J = 7.5 Hz), 7.64 (1H, d, J = 7.5 Hz). GC–MS (EI) m/z 
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calculated for C10H10ID: 258.9; found 259.0, plus peak at 258.0 (incomplete 

deuteration). [Lit.[1] 1H NMR (DMSO-d6) δ 1.61 (2H, m), 1.70 (2H, m), 2.51 (1H, t, 

J = 7 Hz), 2.65 (1H, t, J = 7 Hz), 6.81 (1H, m, Hmeta), 7.05 (<1H, J = 7.5 Hz, Hpara), 

7.60 (1H, d, J = 7 Hz, Hortho). GC-MS (EI) m/z calculated for C10H11I: 258.0; found 

258.1, plus peak at 259.0 (partial deuteration)]. 

1,4-diiodo-5,6,7,8-tetrahydronaphthalene (9): 1H NMR (CD3CN) δ 1.72 

(4H, m), 2.61 (4H, m), 7.40 (2H, s). GC–MS (EI) m/z calculated for C10H10I2: 

383.9; found 384.0. 

 

3.5.6 NMR analysis of yields and D content 

 
Product yields were evaluated from the NMR integrations of the most 

downfield Hortho doublet signal at δ 7.64 of crude product (before and after 

workup), relative to internal standard and normalized to the initial spectrum. Yield 

of 4-I was 95±5 %, as expected for low concentrations of enediyne reacted to 97 

% completion.[1,4] The extent of deuterium incorporation at the para position was 

determined from the deficiency of intensity of the weak doublet of Hpara at δ 7.07 

(which represents the protonated product), relative to the intensity of the most 

downfield Hortho doublet at δ 7.64 (which represents the sum of protonated and 

deuterated products). This comparison avoids using Hmeta, which is an 

overlapping doublet and triplet at δ 6.79. Owing to errors in integration, the 

accuracy of the % D measured by 1H NMR is generally ±5 %. 
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3.5.7 GC-MS analysis of D content 

 
After the NMR analysis, samples for GC–MS analysis were prepared by 

adding the reaction mixtures to 5 mL of saturated aqueous NH4Cl, followed by 

extraction with 3 x 5 mL of pentane. The organic layer was washed with 5 x 5 mL 

of H2O, dried over Na2SO4, and concentrated in vacuo. The resulting crude 

product was dissolved in 1.0 mL of CD3CN and injected into the GC–MS. The 

deuterated solvent was used to permit comparison with the deuterium content 

evaluated from the 1H NMR spectrum of the reaction mixture after workup.  

Deuterium content was also evaluated from the relative intensities of m/z = 258 

(M+ = C10H11I) and 259 (M+ = C10H10DI) for 4-I and 4-I-d, corrected for the 

presence of m/z = 259 due to the natural abundance of 13C, as measured in 

protio standard, synthesized independently[26] (described in detail in Appendix). 

Deviations in % D measured by GC–MS are no greater than ±3 %. 

Representative mass spectra are presented in Appendix. 

 

3.5.8 Determination of relative kinetic acidities and KIEs 

 
The relative kinetic acidities were determined by a competitive method in a 

mixture of deuterated and undeuterated solvents. They were determined based 

on measured % D in 4-I, and taking into account the molarities of H2O, D2O, 

CH3CN, CD3CN, DMSO, and DMSO-d6 in mixed solvents (Concentration of neat 

solvents: [CH3CN] = [CD3CN] = 19.14 M; [DMSO] = [DMSO-d6] = 14.09 M; [H2O] 
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= 55.51 M; [D2O] = 55.27 M). Rate constant ratios were obtained using the 

average of the D content determined by 1H NMR and MS.  

Equations 1 to 8 represent direct measurements of relative kinetic acidities 

derived from experimentally measured D content (%D, and %H = 100 - %D):  No 

correction was made for depletion of solvent, because all solvents were in 

excess over aryl anion. 

 

 kH2O/kCD3CN = (%H[CD3CN])/(%D[H2O])  (1) 

 
 kH2O/kDMSOd6 = (%H[DMSOd6])/(%D[H2O])  (2) 

 
 kCH3CN/kCD3CN = (%H/%D)[CD3CN] – (kH2O/kCD3CN)[H2O]  (3) 
 [CH3CN] 

 
 kD2O/kCH3CN = (%D/%H) {[CH3CN] + (kH2O/kCH3CN)[H2O]}       (4) 
 [D2O] 

 
 kCD3CN/kDMSO =                              [DMSO]                                      (5) 
 (%H/%D)[CD3CN] – (kH2O/kCD3CN)[H2O] 

 
 kDMSO/kDMSOd6 = (%H/%D)[DMSOd6] – (kH2O/kDMSOd6)[H2O]         (6)  
 [DMSO] 

 
 kD2O/kDMSO = %D/%H ([DMSO] + kH2O/kDMSO[H2O])              (7)  
 [D2O] 

 
 kCH3CN/kDMSO-d6 =                                  [CH3CN]                               (8) 

 (%H/%D)[DMSO-d6] – (kH2O/kDMSO-d6)[H2O] 
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For eq 1 and 2, [H2O] was evaluated as the sum of the added water and 

the residual water. Eq 3 to 8 represent indirect measurements of the relative 

kinetic acidity of protio and deutero solvents, also derived from experimentally 

measured D content. The competition of residual H2O in these experiments can 

be significant, so H2O contribution was subtracted as expressed in the equations. 

The procedure we used to evaluate [H2O] when there was residual H2O can be 

found in Section 3.5.9. 

Some ratios could not be measured directly, such as kCH3CN/kDMSO, 

kCD3CN/kDMSOd6, kH2O/kCH3CN, kH2O/kDMSO, kD2O/kCD3CN, and 

kD2O/kDMSOd6, because these represent competition between two proton 

donors or two deuteron donors. The ratio kH2O/kD2O could not be measured 

directly because the reaction is not possible in a purely aqueous medium.  

Others, such as DMSO–DMSO-d6, DMSO–D2O, and H2O-D2O competitions, 

gave large uncertainties when measured by direct measurement of D content. 

But we were able to calculate these relative reactivities indirectly by combining 

already determined relative reactivities. Equations 9 to 30 for indirect 

measurement of relative kinetic acidities, and other specific details involved in 

these calculations can be found below. 

 

kCH3CN/kCD3CN = (kH2O/kCD3CN)/(kH2O/kDMSOd6)(kCH3CN/kDMSOd6) (9) 

kDMSO/kDMSOd6 = (kH2O/kDMSOd6)/(kH2O/kCD3CN)/(kCD3CN/kDMSO) (10) 

kCD3CN/kDMSO = (kH2O/kDMSOd6)/(kDMSO/kDMSOd6)/(kH2O/kCD3CN) (11) 

kCH3CN/kDMSOd6 = (kCH3CN/kCD3CN)(kH2O/kDMSOd6)/(kH2O/kCD3CN) (12) 
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kH2O/kCD3CN = (kH2O/kDMSOd6)/(kCH3CN/kDMSOd6)(kCH3CN/kCD3CN)  (13) 

kH2O/kDMSOd6= (kH2O/kCD3CN)(kCD3CN/kDMSO)(kDMSO/kDMSOd6)    (14) 

kD2O/kCH3CN  = (kD2O/kDMSO)/(kCD3CN/kDMSO)/(kCH3CN/kCD3CN)  (15) 

kD2O/kDMSO = (kD2O/kCH3CN)(kCH3CN/kDMSOd6)/(kDMSO/kDMSOd6) (16) 

 kH2O/kCH3CN = (kH2O/kCD3CN)/(kCH3CN/kCD3CN)  (17) 

 kH2O/kCH3CN = (kH2O/kDMSOd6)/(kCH3CN/kDMSOd6)  (18) 
                                                                                                                                                 
 kH2O/kDMSO = (kH2O/kDMSOd6)/(kDMSO/kDMSOd6)  (19) 

 kH2O/kDMSO = (kH2O/kCD3CN)(kCD3CN/kDMSO)  (20) 

 kD2O/kCD3CN = (kD2O/kCH3CN)(kCH3CN/kCD3CN) (21) 

 kD2O/kCD3CN = (kD2O/kDMSO)/(kCD3CN/kDMSO) (22) 

 kD2O/kDMSOd6 = (kD2O/kDMSO)(kDMSO/kDMSOd6) (23) 

 kD2O/kDMSOd6 = (kD2O/kCH3CN)(kCH3CN/kDMSOd6)  (24) 

 kCH3CN/kDMSO = (kCD3CN/kDMSO)(kCH3CN/kCD3CN)  (25) 

 kCH3CN/kDMSO = (kCH3CN/kDMSOd6)/(kDMSO/kDMSOd6) (26) 

 kCD3CN/kDMSOd6 = (kH2O/kDMSOd6)/(kH2O/kCD3CN) (27) 

 kCD3CN/kDMSOd6 = (kCD3CN/kDMSO)(kDMSO/kDMSOd6) (28) 

 kH2O/kD2O = (kH2O/kCD3CN)/(kCH3CN/kCD3CN)/(kD2O/kCH3CN)  (29) 

 kH2O/kD2O = (kH2O/kDMSOd6)/(kDMSO/kDMSOd6)/(kD2O/kDMSO) (30) 

 

 The value for kDMSO/kDMSOd6 used in equations 11, 14, 16, [2.21] was 

the one determined by indirect measurement using eq 10, and the value for 

kD2O/kDMSO used in equations 15, 22, 23, [14.06] was the one determined by 

indirect measurement using eq 16. 
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Initially we envisioned a linear relationship in order to determine relative 

kinetic acidities. This involved plotting the dependence of the extent of 

deuteration on 4-I on solvent concentration ratio. But a linear least-squares 

analysis is most sensitive to the extreme values rather than to the middle values, 

which are the most reliable measurements because the closer the D content is to 

50 %, the more reliable the determination of %D and relative kinetic acidity is. 

Thus we decided to ignore linear regression analysis. 

 

3.5.9 Determination of water content in reaction mixtures 

 
 The concentrations of residual H2O in deuterated acetonitrile and DMSO 

were evaluated using two different methods: 1) by NMR integration relative to 

internal standard, leading to [H2O] = 0.24 M in CD3CN; = 0.11 M in DMSO-d6, 

and 2) by finding the H2O concentration that optimizes (minimizes) the relative 

standard deviation of relative kinetic acidities kH2O/kCD3CN and kH2O/kDMSO-

d6, as presented in Tables 3.2.1 and 3.2.2, leading to [H2O] = 0.238 M  in CD3CN; 

= 0.08 M DMSO-d6. Deviations in H2O content measured by either of these 

methods were no greater than ±0.03 M, which leads to a deviation in the 

determined relative kinetic acidities of no more than ±10 % (applies for Tables 

3.2.1 and 3.2.2). The same dried solvent batches were used for all the 

experiments performed, and the residual H2O in protio solvents was assumed to 

be the same as in the corresponding deuterated solvents since the same drying 

protocol was performed. This was confirmed by Karl-Fischer titrations of 
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individual solvents, where the same H2O content, no more than ~100 ppm, or 

0.005 M, was observed for protio and deuterated solvents. Still, the two methods 

described above give a more realistic [H2O] since they include the minimal-but-

possible contributions to the total H2O content of the reaction mixtures from 

substrate 1, iodide source, internal standard, solvent, and glassware. The entries 

of concentrations in Tables 3.2.1 to 3.2.8 include the residual H2O, or are the 

sum of residual and added H2O.  

 

3.5.11 Neutralization of an organometallic species 

 
1-Naphthylmagnesium bromide (5) was purchased from Aldrich, and was 

used from a Sure/SealTM bottle. 1-Naphthyllithium (6) was freshly prepared from 

its bromo precursor, and its preparation is described below in detail. Binary 

mixtures of CH3CN, CD3CN, DMSO, DMSO-d6, H2O, and/or D2O were prepared 

by volume in flame-dried flasks to afford a total volume of 2.0 mL. Then 1-

naphthylmagnesium bromide (5) or 1-naphthyllithium (6) (0.5 mL of a 0.25 M 

solution in THF) was added to the solvent mixture at room temperature, with 

vigorous stirring, and the mixture was stirred for 10 minutes. Samples for GC–MS 

analysis were prepared by adding the reaction mixtures to 5 mL of H2O, followed 

by extraction with 3 x 5 mL of pentane. The organic layer was washed with 3 x 5 

mL of H2O, dried over Na2SO4, and concentrated in vacuo. The resulting crude 

product was dissolved in 1.5 mL of CH3CN and injected into the GC–MS. 

Deuterium content of the naphthalene product was evaluated from the relative 
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intensities of m/z = 128 (M+ = C10H8) and 129 (M+ = C10H7D), corrected for the 

presence of m/z = 129 due to the natural abundance of 13C, as measured in a 

protio standard. In representative competition studies, samples were prepared as 

described above, with care to ensure that the samples were identical in all 

respects except for the variable being tested, e.g., different concentrations of 

solvents.  

 1-naphthyllithium (6). The reaction was carried out in strictly anhydrous 

conditions under argon. A 25 mL round bottom flask (flame-dried) was charged 

with 6.5 mL of dry THF (freshly distilled from solution containing sodium 

benzophenone ketyl), and 1-bromonaphthalene (0.35 mL, 0.52 g, 2.5 mmol). The 

reaction flask was cooled to -78 oC, the solution was stirred, and t-butyllithium (t-

BuLi, Caution: Pyrophoric!, 3.2 mL of a 1.7 M solution in pentane; 5.5 mmol, 2.2 

equiv) was added dropwise. The reaction mixture was allowed to stir for 15 min 

at -78 oC, warmed to room temperature, and stirred for an additional 15 min. The 

freshly prepared aryllithium 7 was then diluted to a total volume of 10 mL, which 

affords a 0.25 M solution. 
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3.6 Appendix 

  
 3.6.1 Synthesis of 1-iodotetrahydronaphthalene (4-I) protio standard 

  
 Deuterium content is evaluated from the relative intensities of m/z = 258 

(M+ = C10H11I) and 259 (M++1 = C10H10ID) for 4-I, corrected for the presence of 

m/z = 259 due to the natural abundance of 13C. For this, an authentic sample of 

this compound is needed. Thus we synthesized this protio standard 

independently, as described in detail below, using a standard procedure.[26] 

 1-iodotetrahydronaphthalene (4-I). To a solution of p-TsOH·H2O (0.57 g, 

3 mmol) in CH3CN (10 mL) was added 5,6,7,8-tetrahydro-1-naphthylamine (0.15 

g, 1 mmol). The resulting suspension of the arylamine salt was cooled to 0 oC. 

Then, a solution of NaNO2 (0.14 g, 2 mmol) and KI (0.42 g, 2.5 mmol) in H2O (2.0 

mL) was added gradually. The reaction mixture was stirred for 15 min, allowed to 

warm up to room temperature and stirred for 1 hour. To the reaction mixture was 

then added H2O (10 mL), NaHCO3 (1 M; until pH = 9–10) and Na2S2O3 (1 M, 20 

mL), and extracted with 3 x 30 mL of Et2O. The organic layer was washed with 

20 mL of H2O, dried over Na2SO4, and concentrated in vacuo. The resulting 

crude product was purified by a plug of silica using pentane as the eluent, 

concentrated in vacuo, dissolved in CD3CN and characterized by 1H NMR and 

GC–MS. 1H NMR (CD3CN) δ 1.69 (2H, m), 1.78 (2H, m), 2.61 (2H, t, J = 7 Hz), 

2.71 (2H, t, J = 7 Hz), 6.79 (1H, t, J = 7.5 Hz, Hmeta), 7.07 (1H, J = 7.5 Hz, Hpara), 

7.64 (1H, d, J = 7.5 Hz, Hortho). GC–MS (EI) m/z calculated for C10H11I: 257.9; 

found 258.0. 1H NMR resonances and mass spectrum correspond with literature 
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values. [Lit.[2] 1H NMR (DMSO-d6) δ 1.61 (2H, m), 1.70 (2H, m), 2.51 (1H, t, J = 7 

Hz), 2.65 (1H, t, J = 7 Hz), 6.81 (1H, m, Hmeta), 7.05 (<1H, J = 7.5 Hz, Hpara), 7.60 

(1H, d, J = 7 Hz, Hortho). GC-MS (EI) m/z calculated for C10H11I: 258.0; found 

258.1, plus peak at 259.0 (partial deuteration)]. 
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3.6.2 Figure 
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