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1. Introduction 

More than one hundred years ago, Gomberg described triphenyl methyl radical, the first 

carbon-centered radical.[1] After this discovery it was believed that radicals are too reactive 

be used in synthesis. In the 1970s data of structure and reactivity of radicals was obtained, 

so that controlled radical reactions became possible. This was the beginning of modern 

radical chemistry.[2, 3, 4]  

 

1.1. Tin hydrides 

Tin hydrides like Bu3SnH (1a), Ph3SnH (1b) or Me3SnH (1c) represent the most prominent 

class of hydrogen atom donors. These compounds are cheap and very effective in terms of 

H-transfer.[5, 6] A large number of applications in synthesis is known with tin hydrides.[7] 

However, all organic tin compounds have one major problem, which is their toxicity.[8] 

Furthermore, the separation of traces of tin-containing side products from pharmaceutically 

active products is also a big problem, diminishing the field of applications dramatically. 

Hence, there is a big ambition to solve this ñtin problemò by finding alterative compounds.[9] 

 

1.2. Silanes as radical reductants 

Trialkyl silanes such as Et3SiH (1d) are in comparison to tributyl tin hydride (1a) nontoxic. 

Yet, these compounds turned out to be rather ineffective reducing agents in radical chain 

reactions.[10] Silyl radicals have the property to generate carbon-centered radicals from a 

large number of precursers. However, the transfer of a hydrogen atom from a silane to a 

carbon-centered radical is very inefficient.[11] The reason for this is the higher bond 

dissociation energy (BDE). Tributyl tin hydride (1a) has a BDE of 329 kJ/mol, whereas the 

BDE for triethyl silane (1d) is 377 kJ/mol.[12, 13, 14] A slight improvement can be achieved by 

phenyl-substituted silanes, where the resulting silyl radicals are stabilized by the phenyl 

groups by about 42 kJ/mol.[15] However, they are still unsuitable for radical chain 

reactions[16, 17] and so their main application is in the Barton-McCombie reaction.[18] A 

weakening of the Si-H bond can be achieved by replacement of the alkyl (or phenyl) groups 

by trimethyl silyl groups.[16, 19] In 1965 Gilman described tris(timethylsilyl) silane (1e, TTMSS) 

for the first time.[20] Finally, it was Chatgilialoglu, who rediscovered the compound as a good 

reducing agent.[10, 21, 22] The bond dissociation energy of 352 kJ/mol is still higher than the 

BDE of Bu3SnH (1a).[12] However, TTMSS (1e) has a wide scope of applications. A general 

scheme for reductions with 1e and AIBN (2a) as initiator is shown in Figure 1. 
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Figure 1: Versatile applications of TTMSS (1e) in radical chemistry.[10, 23, 24, 25, 26, 27, 28] 
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1.3. Further common hydrogen atom donors in radical chemistry 

Germanium hydrides combine the properties of tin hydrides and silanes. The BDE of Bu3GeH 

(1f, 369 kJ/mol) is between the tin and silicon analogue.[12] (Me3Ge)3GeH (1g) was 

synthesized by Chatgilialoglu and turned out to be an even faster H-atom donor than tributyl 

tin hydride (1a). Reductions were carried out with yields of over 95 %.[29] Due to its high cost, 

applications for germanium hydrides are rather rare. 

Reductions of reactive carbon-centered radicals with weak C-H bonds are also known in 

literature. One of the most prominent examples is the Bergman cyclisation.[30] In this reaction, 

radicals, which come from 3-en-1,5-diynes, are reduced with 1,4-cyclohexadiene (11, CHD). 

Thus, doubly substituted benzene derivatives can be synthesized (Figure 2a). The Bergman 

cyclisation is of special interest in the mechanism of action of some natural products, which 

show cytotoxic activitiy. As an example calicheamycine (12) is shown in Figure 2b. This 

enediyne antibiotic can form the diradical under physiological conditions.[31] 

 

Figure 2: (a) General scheme of a Bergman cyclisation. (b) Example of a Bergman 

cyclisation on the basis of calicheamycine (12). 
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Furthermore, thiols are used as catalysts in radical chemistry.[32] The use of dialkyl 

phosphites as well as the application of hypophosphonic acids has been reported in the 

literature.[33, 34] From the group of pnictides diazenes are known, which can form a 

carbon-centered radical after N2 elimination.[35] Yet, none of these substances has such a 

wide area of applications as tributyl tin hydride (1a). The research and development for a 

nontoxic, cheap and nevertheless efficient alternative still remains a big challenge for organic 

chemistry. 

 

1.4. Borane complexes as hydrogen atom donors 

Borane complexes with different Lewis-bases (L-BH3) were first studied by Roberts (L = NR3, 

PR3 or SR2).
[36, 37] He observed that oxygen- and carbon-centered radicals could be reduced 

by borane complexes to the corresponding alcohols or hydrocarbons. Yet, nucleophilic C-

radicals could not be effectively trapped in this way. Thus, the use of boranes seemed not 

very promising in the beginning, although boron-centered radicals (L-BH2Å) show a reactivity 

which is comparable to silyl or tin radicals.[38] Synthetic uses of borane complexes were 

found by Lucarini,[39] Roberts[36] and Barton[40]. In all cases, the boron species had to be used 

in an eight to ten fold excess. Much more promising results were achieved by Curran. In 

initial studies he used nitrogen-containing, heterocyclic carbene complexes (NHC boranes) 

for the radical reduction of xanthates with yields up to 70 %. Furthermore, Zipse showed, 

based on quantum chemical calculations, that the bond dissociation energies (BDE) of such 

compounds are similar to the BDE of Bu3SnH (1a, 328.9 kJ/mol) (Figure 3).[41, 42] 

 

 

Figure 3: Examples for NHC boranes 13a, 13b and 13c studied by Curran and Zipse and 

their calculated BDE. 

 

Based on these calculations, several ñfirst-generation radical reductionsò were conducted 

with NHC boranes. For these initial studies, Curran used secondary xanthates and Et3B 

(2b)/O2 or AIBN (2a, 80 °C) as initiation systems. In these studies, he obtained good yields of 

the deoxygenated products for precursors, which would either undergo a cyclopropyl ring 

opening (Figure 4a) or a 5-exo-trig cyclisation (Figure 4b).[43] 
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Figure 4: First generation radical reductions of xanthates (a) 14a and (b) 14c with NHC 

boranes by Curran.[43] 

 

For good conversions of the xanthates, usually large amounts of the initiator were necessary 

(50 - 100 %).[43] An improvement was made with the development of the ñsecond-generation-

reagentsò.[44] These NHC boranes are better hydrogen atom donors and their derived 

radicals are not persistent.[45] With this new class of hydrogen atom donors, it was possible to 

improve the yields of xanthate reductions, while decreasing the reaction time and lowering 

the amount of initiator (Figure 5 and Table 1).[43, 46]  

 

Figure 5: Reduction of xanthate 14e with ñsecond-generation-reagentsñ 13e and 13f by 

Curran.[43, 46] 
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Table 1: Results for the reaction shown in Figure 5. [43, 46] 

NHC-BH3 eq. AIBN (2a) time [h] yield [%] 

13d 2 1.0 eq. 16 75  

13e 1 10 mol% 2 89 

13f 1 10 mol% 2  88  

 

Furthermore it was possible to reduce some classes of halides which carried electron 

withdrawing groups close to the corresponding halide with different initiation methods (Figure 

6 and Table 2).[47] 

 

 

Figure 6: Reduction of halides with electron withdrawing groups. 

 

Table 2: Results for the reactions (X = I) shown in Figure 6. 

NHC-BH3 initiator temperature yield [%] 

13e Et3B (2b)/O2 rt. 77 % 

13e AIBN (2a) 80 °C 63 % 

13f (tBuO)2 (2c) 60 °C 75 % 

 

Up to that, radical reductions with NHC boranes were possible for xanthates, but for halides 

like iodides or bromides it was always necessary to have an electron withdrawing group next 

to the halide.[48, 49] However, reductions of substrates like adamantyl halides or aryl halides 

were not possible with NHC boranes.[43] In case of slow hydrogen transfer reactions of 

silanes, the addition of a ñpolarity reversal catalystò such as a thiol or selenide could solve 

this problem.[50] Recently, Curran showed, that the addition of a thiol as catalyst can also 

improve radical reactions based on NHC boranes.[51] The proposed mechanism by Curran is 

shown in Figure 7.[51] The use of a thiol as catalyst now made it possible to reduce halides, 

which did not undergo a reaction under the former conditions. So, adamantyl bromide (7c) 

could be reduced to adamantane (7b) (97 %) with thiophenol (15a) and tert-butyl hyponitrite 

(2d, TBHN) as initiator (Figure 8a), as well as aryl bromide (14j) with tert-dodecanethiol (15b, 

TDT) as catalyst (Figure 8b). 
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Figure 7: General mechanism of the uncatalyzed and PRC catalyzed radical chain reaction 

by Curran.[51] 

 

Figure 8: Examples for TDT (15) catalyzed radical reactions by Curran. (a) Reduction of 

adamantyl bromide (7c). (b) Reduction of aryl bromide 14j.[51] 

 

1.5. Objectives 

The high toxicity of tin hydrides makes these compounds unsuitable for pharmaceutical 

applications. Based on the results described before and theoretical studies by Zipse and 

Hioe[42], the suitability of different borane complexes as hydrogen atom donors in radical 

reactions is the main goal. Furthermore, detailed studies on the reaction mechanisms shall 

help to understand the complex chemistry of heterocyclic borane complexes. The versatile 

structural possibilities of the borane complex itself, the initiator and the initiation conditions 

have to be exactly synchronized for a successful reaction outcome, which will be 

demonstrated and discussed in detail in this work.  
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2. Radical reactions 

2.1. Uncatalyzed reactions 

2.1.1. Substrate screening 

A scheme of initially performed reactions with different substrates, reductants and initiators is 

shown in Figure 9. As reference reactions, three typical substrates (xanthate 18b, iodide 18d 

and bromide 18a) were tested with tributyltin hydride (1a) as reducing agent. As initiation 

system BEt3 (2b)/ O2 was chosen and the reactions were conducted at room temperature. In 

all three cases quantitative conversions to the corresponding alkane 16a were achieved 

(Table 3, entry 1 - 3). However, the exchange of the H-atom source by the newly synthesized 

borane complex 17a led to a decrease of conversion for all three substrates under different 

conditions. In case of 1-bromododecane (18a) no conversion was observed for low 

temperature initiation (BEt3 (2b)/ O2 at 0 °C) and initiation at 80 °C with AIBN (2a, entry 4 and 

5). For xanthate 18b room temperature initiation (BEt3 (2b)/ O2) led to 8 % dodecane (16a) 

although the reaction time was increased to 14 hours (entry 6). Almost the same result was 

observed for xanthate 18c when initiating at room temperature. Here 9 % conversion to the 

desired alkane 16a was detected after 22.5 hours (entry 7b). For 1-iodododecane (18d) no 

reaction was observed for high temperature initiation (AIBN (2a), 80 °C) (entry 8). Initiation at 

room temperature (BEt3 (2b)/ O2) lead to 4 % dodecane (16a) after two hours and 16 % after 

14 hours (entry 9a and 9b). However, when lowering the reaction temperature to 0 °C, 13 % 

of 1-iodododecane (18d) were reduced to dodecane (16a) after one hour, thus making a 

temperature dependence most promising (entry 10). 

 

Figure 9: Reduction of dodecyl xanthates (18b and 18c), bromide 18a and iodide 18d with 

Bu3SnH (1a) and the synthesized borane complex 17a. 
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Table 3: Conditions and results for the reactions shown in Figure 9. 

entry substrate reductant initiatior temp. time [h] dodecane (16a) [%] 

1 18b 1a 2b rt. 2 > 99 

2 18d 1a 2b rt. 2 > 99 

3 18a 1a 2b rt. 2 98 

4 18a 17a 2b 0 °C 2 no reaction 

5 18a 17a 2a 80 °C 2 no reaction 

6 18b 17a 2b rt. 14 8 

7a 

7b 

18c 

18c 

17a 

17a 

2b 

2b 

rt. 

rt 

2 

22.5 

< 1 

9 

8 18d 17a 2a 80 °C 2 no reaction 

9a 

9b 

18d 

18d 

17a 

17a 

2b 

2b 

rt. 

rt. 

2 

14 

4 

16 

10 18d 17a 2b 0 °C 1 13 

 

Subsequently the reduction of 1-iodododecane (18d) with complex 17a under aerobic 

conditions with BEt3 (2b) at 0 °C was examined in more detail. By elongation of the reaction 

time from one to two hours, followed by renewed addition of triethyl borane (2b), 26 % of 

dodecane (16a) had formed. GC/MS analysis of the final product mixture also showed the 

formation of small amounts of tetradecane (16b) and tetracosane (16c) (Figure 10a). The 

latter ones being formed due to radical recombination reactions of dodecyl radical with itself 

and with ethyl radicals formed during the initiation. A further recombination of two ethyl 

radicals could also be taken into account, however the resulting butane (16d) would not be 

detectable in the GC/MS (Figure 10b). 

 

Figure 10: (a) Reduction of 1-iodododecane (18d) with borane complex 17a at 0 °C. 

(b) Formation of recombination products. 

 

As the increase of BEt3 (2b) led to a higher yield of dodecane (16a), the reaction was 

repeated with a total amount of six equivalents of triethyl borane (2b). The addition of 

initiation agent over five hours by a syringe pump yielded 71 % dodecane (16a) 

accompanied by the formation of traces of tetradecane (16b) and tetracosane (16c) (Figure 

11a). A similar result was achieved when adding six equivalents of triethyl borane (2b) right 

from the beginning and running the reaction over two hours at 0 °C. In this case the yield of 

dodecane (16a) was slightly lower than before (60 %), whereas tetradecane (16b) had 
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increased to 10 % (Figure 11b). This effect can be attributed to the higher concentration of 

BEt3 (2b) and the resulting higher recombination process. Finally, the reaction was 

performed without the borane complex 17a (Figure 11c). Here, 1-iodododecane (18d) was 

also reduced to dodecane (16a, 33 %), tetradecane (16b, 30 %) and tetracosane (16c, 3 %). 

This result shows that a reduction of primary alkyl iodides under aerobic conditions is also 

possible when adding triethyl borane (2b) in excess. The distinct higher formation of 

tetradecane (16b) indicates a higher level of a recombination process, due to the absence of 

borane complex 17a. Finally borane 17a seems to take part in the reduction process, yet the 

reaction requires a large excess of initiator. 

 

Figure 11: Reduction of 1-iodododecane (18d) with an excess of BEt3 (2b). 

 

2.1.2. Borane screening 

In order to investigate whether a systematic improvement of the results for borane 17a is 

possible, the next step was the synthesis of a variety of borane complexes. Therefore, 

borane complexes of different heterocyclic substance classes were synthesized, 

characterized and, if possible, crystallized to obtain X-ray structures. For the design of the 

borane complexes electronic effects were also taken into account. 

  

2.1.2.1. Synthesis and characterization of borane complexes 

Besides commercially available heterocyclic compounds, several substances were 

synthesized. Figure 12 shows a general synthetic route for the synthesis of precursors and 

borane complexes used here. In case of functionalized benzimidazoles in 2-position, a 

condensation of ortho-phenylene diamines with a carboxylic acid at high temperatures 

(Ó160 °C) led to the desired precursors (Figure 12a). These reactions were carried out under 

microwave irradiation either in toluene or neat. Pure products were obtained by column 

chromatography on silica or by recrystallization. For N-methylated imidazoles, the starting 

compounds were first deprotonated with a strong base (usually n-butyllithium) and afterwards 

reacted with methyl iodide (Figure 12b). In most cases the N-methylated compounds were 

obtained in good quality right after an aqueous workup followed by extraction. If necessary, 

the crude products were recrystallized or purified by column chromatography on silica. In 
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order to obtain borane complexes of excellent quality, it is valuable to mention, that the 

precursors should be of high purity, as most of the complexes decompose on column 

chromatographic workup. Subsequently, the complexes were synthesized by the 

complexation of BH3 to a heterocyclic nucleophile (Figure 12c). It turned out, that the most 

effective workup is precipitation from isohexane, whereby the borane complexes were 

obtained in good yields and quality. 

 

Figure 12: General routes for the synthesis of benzimidazole derivatives and borane 

complexes used in this work. 

 

An overview over all heterocyclic borane complexes used for this screening is shown in 

Figure 13. Aside from complex 17v and 17w, which were commercially available, all 

complexes and precursors were synthesized according to the procedure outlined in 

Figure 12. 
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Figure 13: Borane complexes used for radical experiments. 

 

Subsequently, all complexes were characterized by NMR (1H, 13C, 11B and 19F if necessary), 

IR, mass spectrometry and elemental analysis. Furthermore, decomposition points rather 

than melting points were determined for all non-liquid complexes. Three compounds turned 

out to be colorless ionic liquids (17l, 17t and 17x). For the NHC borane complex 17x a 

melting point of ī63 to ī65 °C was determined. In some cases crystals of suitable quality for 

X-ray measurements could be grown by recrystallization from DCM. Table 4 shows the most 

characteristic analytical data for all complexes. If not differently indicated, NMR 

measurements were done in CDCl3. For the corresponding imidazole, oxazole, thiazole and 

triazole borane complexes the 11B NMR shifts are in a narrow region of ī19.7 to ī23.2 ppm. 

Chemical shifts for pyridine-derived borane complexes were found in the region of ī12.2 to 

ī14.2 ppm, whereas the shift region of NHC boranes is between ī37.4 and ī38.4 ppm. All 

substances show a (sometimes broad) quartet in the 11B NMR, indicating the BH3 group. The 

B-H vibrations can also be seen in the IR spectrum as three characteristic bands in the 
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region of 2400 to 2210 cmī1. For complexes which could be crystallized, B-N distances were 

determined by X-ray crystallography. Independent of the substance class, these distances 

are all in a typical range of 1.571 Å to 1.596 Å. 

 

Table 4: Characteristic analytical data for synthesized borane complexes. 

complex 11B NMR shift [ppm] ὺ(B-H) [cmī1] r(B-N) [Å] 

17a ī23.20 2400b 1.584 

17b ī21.80 2254b n.a. 

17c ī20.43 2402, 2298, 2256 n.a. 

17d ī19.08 2548, 2501, 2430 n.a. 

17e ī20.13a 2352, 2291, 2244 1.575 

17f 

17g 

ī22.31 

ī21.80 

2340, 2289, 2254 

2400, 2290, 2240 

1.571 

1.571 

17h ī21.82 2351, 2309, 2263 n.a. 

17i ī20.62 2383, 2349, 2273 n.a. 

17j ī20.48 2381, 2359, 2273 n.a. 

17k ī22.45 2356, 2313, 2265 n.a. 

17l ī19.74 2357, 2309c n.a. 

17m ī19.68 2372, 2306, 2261 1.589 

17n ī20.06a 2349, 2296, 2253 n.a. 

17o ī22.06 2361, 2342, 2265 n.a. 

17p ī21.79 2365, 2306, 2261 n.a. 

17q ī12.75a 2358, 2283, 2245 1.596 

17r ī14.00 2343, 2298, 2246 1.590 

17s ī14.15 2349, 2291, 2249 n.a. 

17t ī12.22 2360, 2310, 2281 n.a. 

17u ī20.01 2356c, 2263 1.578 

17x ī38.34 2335c, 2275 n.a. 

17y ī37.49 2270c, 2214 n.a. 
           a Measured in DMSO-d6. 

b With two shoulders. c With one shoulder. 

 

The X-ray structure of 17g reveals a certain unexpected property which is characteristic for 

all investigated boranes (Figure 14a). In this case the distance between the nitrogen-bound 

proton and the closest boron-bound hydride is with 1.755 Å rather short. This NH-Hī 

hydrogen bridge was found in no other complex and is due to the cell ordering (Figure 14b). 

The molecules are stacked in almost perfectly parallel lying layers, which makes this short 

contact possible, as the BH3 moieties point to the NH groups. In comparison the X-ray 

structure of benzimidazole borane (17e) is shown in Figure 15. Here the shortest NH-HB 

distance is 5.784 Å and the molecules are not stacked in parallel layers (Figure 15b). The 

molecules are rather sorted in two types of layers in which the NH and BH3 groups point 

away from each other. Thus, a hydrogen bond as in 17g is not formed.  
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Figure 14: (a) X-ray structure of borane complex 17g and its short N-H-Hī distance of 

1.755 Å. (b) Cell unit of 17g.  
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Figure 15: (a) X-ray structure of benzimidazole borane 17e and its N-H-Hī distance of 

5.784 Å. (b) Cell unit of 17e. 

 

2.1.2.2. Low temperature initiation experiments with BEt3 (2b) 

A screening of the different substance classes was made in order to check their suitability in 

radical reactions. As initiation system triethyl borane (2b) was used under aerobic conditions 

and 1-iodododecane (18d) or 1-bromododecane (18a) were used as substrates (Figure 16). 

The reaction was carried out either at room temperature or at 0 °C for two hours. Table 5 

summarizes the results of the tested borane complexes. Most of the analyzed borane 

complexes did not lead to any conversion at all. Only some of the tested reactions showed 
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traces of the desired product dodecane (16a), which makes triethyl borane (2b) an 

inconvenient initiator for the tested reactions. 

 

Figure 16: General reaction scheme for the reduction of 1-iodododecane (18d) and 

1-bromododecane (18a) with BEt3 (2b) as initiator. 

 

Table 5: Results for the reactions shown in Figure 16. 

entry X 

 

T dodecane (16a) [%] 

1 I 17a rt 4   (16 % after 14 h) 

2 I 17a 0 °C 13 

3 Br 17a 0 °C - 

4 Br 17b 0 °C - 

5 I 17b 0 °C 3 

6 Br 17c 0 °C - 

7 Br 17d 0 °C - 

8 Br 17e 0 °C < 1 

9 Br 17f 0 °C - 

10 I 17f 0 °C 3 

11 Br 17h 0 °C - 

12 I 17i rt - 

13 Br 17i 0 °C - 

14 I 17j rt - 

15 I 17k rt 3 

16 Br 17l 0 °C - 

17 Br 17m 0 °C - 

18 Br 17q 0 °C - 

19 Br 17r 0 °C - 

20 Br 17s 0 °C 3 

21 I 17u rt - 

22 Br 17v 0 °C - 

23 Br 17w 0 °C - 

24 Br 17x rt 3 

25 Br 17xa 0 °C - 
    a THF/benzene (1:1) was used as solvent. 
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2.1.2.3. Thermally initiated reactions with AIBN (2a) 

The very small conversions with triethyl borane (2b) suggested, that a successful outcome of 

the reactions could be influenced by the initiation system and its initiation temperature. 

Therefore, some of the reactions were repeated under thermal initiation with AIBN (2a) at 

80 °C (Figure 17). The results of the experiments are summarized in Table 6. Aside from 

carbene borane 17x, all tested borane complexes showed no conversion under the 

described conditions (entry 8). Similar NHC boranes compounds had also been used by 

Curran et al. for radical reactions.[51] Finally, thermal initiation with AIBN (2a) did not lead to a 

successful reduction in all cases and therefore the reaction conditions had to be changed, 

which will be the main focus in the next section. 

 

Figure 17: General reaction scheme for the reduction of 1-iodododecane (18d) and 

1-bromododecane (18a) with AIBN (2a) as initiator. 

 

Table 6: Results for the reactions shown in Figure 17. 

entry X 

 

dodecane (16a) [%] 

1 I 17a - 

2 Br 17a - 

3 Br 17b - 

4 I 17b - 

5 Br 17f - 

6 Br 17i - 

7 Br 17m - 

8 Br 17xa 14 
                   a 0.1 eq. AIBN (2a) was used with a reaction time of 5 h. 

 

2.2. Tert-dodecanethiol (TDT, 15b)-catalyzed reactions 

As neither the high temperature initiation with AIBN (2a) nor the low temperature initiation 

with BEt3 (2b)/ O2 led to significant conversions, another initiation system which had been 

successfully used by Curran et al.[51] was chosen. Curran et al. had shown that NHC boranes 

become good H donors for radical reactions, when combined with a thiol as catalyst.[51]  

 

2.2.1. Tert-butylhyponitrite (TBHN, 2d) as initiator 

It is worth mentioning, that also the initiator seems to have a big influence on radical 

reactions promoted by borane complexes. Therefore, tert-butylhyponitrite (2d, TBHN), which 

had also been used by Curran et al.,[51]  was synthesized as radical starter. The synthesis of 
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TBHN (2d) is shown in Figure 18. To a solution of tert-butylbromide (19a, 10 eq.) and zinc 

chloride (19b, 1 M in Et2O, 1.1 eq.), sodium hyponitrite (19c) was added at 0 °C. The 

suspension was strirred for 90 minutes at that temperature. Inorganic salts were removed 

and the pure hyponitrite (2d) was obtained by recrystallisation from pentane in 35 % yield. As 

the compound already decomposes slowly at room temperature, the whole reaction and 

workup has to be done carefully at low temperature. The compound can be stored at ī18 °C 

over months, but should not be exposed to room temperature over a longer period. 

 

Figure 18: Synthesis of TBHN (2d). 

 

2.2.2. Borane screening 

Afterwards imidazole-, oxazole-, thiazole- and pyridine-based borane complexes such as a 

NHC borane complex, which had been used by Curran et al.,[51] were tested under the new 

conditions (Figure 19). 1-Iodododecane (18d) was chosen as substrate and a borane 

complex was added in slight excess (1.1 eq.). The reaction was conducted in benzene with 

1-methylundecan-2-thiol (15b, tert-dodecylthiol, TDT) as catalyst with a loading of 5 mol%. 

For initiation of the reaction TBHN (2d) was added and the reaction mixture was heated up to 

80 °C for two hours. 

 

Figure 19: Reduction of 1-iodododecane (18d) with different borane complexes with TBHN 

(2d) and TDT (15b) at 80 °C. 
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Table 7 summarizes the results of the tested reactions for the TBHN (2d)/ TDT (15b) 

initiation system. NHC borane 17y leads to a quantitative conversion of 1-iodododecane 

(18d) to dodecane (16a). This result is not surprising as the compound had already been 

successfully used under the same conditions but for different substrates by Curran et al..[51] 

All other investigated substance classes show no or moderate yields, except 

4-dimethylaminopyridine borane (17q) which leads to 69 % dodecane (16a). The fact, that 

pyridine borane (17t) leads to no conversion, shows the importance of the right design of the 

reducing agent. The more electron rich DMAP borane (17q) seems to be able to reduce the 

substrate under these conditions, although full conversion was not achieved. 

 

Table 7: Results for the reactions shown in Figure 19. 

borane dodecane (16a) [%] 

17f 27 

17e 0 

17n 9 

17o 0 

17p 0 

17a 10 

17c 0 

17t 0 

17q 69 

17y >99 

 

 

2.2.3. Screening of initiation systems with DMAP borane (17q) as H atom donor 

As DMAP borane (17q) led to the most promising result for the TBHN (2d)/ TDT (15b) 

method, the influence of different radical initiation was studied. Aside from some 

commercially available radical starters, a second representative of the hyponitrite class was 

also of interest, as TBHN (2d) already had shown the potential of these compounds. Thus, 

dibenzylhyponitrite (2e, DBHN) was chosen. The synthesis of DBHN (2e) is shown in Figure 

20. The first step of the synthesis was carried out under light exclusion. Sodium hyponitrite 

(19c) was dissolved in water. After the addition of an aqueous silver nitrate (20a, 2.2 eq.) 

solution yellow silver hyponitrite (20b) precipitated, which was washed with water and 

ethanol. Solvents were removed and the crude silver hyponitrite (20b) was obtained as 

yellow solid (48 %), which was used without further purification for the following step. 

Afterwards the silver hyponitrite (20b) was added to a solution of benzyl bromide (20c, 

2.0 eq.) in DCM at 0 °C. The solution was stirred for three hours at that temperature. After 

removal of salts the pure dibenzylhyponitrite (2e) was obtained by recrystallisation from 

pentane as white crystals (39 %). As for the synthesis of TBHN (2d) it is important to keep 

the substance cold during all steps. DBHN (2e) can be stored at ī78 °C over a longer period. 
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Figure 20: Synthesis of DBHN (2e). 

 

Afterwards different initiators were screened by their suitability for the DMAP borane (17q)/ 

TDT (15b) system. The reactions were carried out in benzene for two hours and 

1-iodododecane (18d) was used as substrate (Figure 21). 

 

Figure 21: Reduction of 1-iodododecane (18d) with DMAP borane (17q), TDT (15b) in the 

presence of different initiators. 

 

The results for the screening of initiators are shown in Table 8. As shown before, the 

initiation with BEt3 (2b)/ O2 led to low conversion (13 % dodecane (16a)).  Di-tert-butyl 

peroxide (2c) as well as dicumyl peroxide (2f, DCPO) did not lead to the formation of 16a at 

an initiation temperature of 80 °C. For AIBN (2a) a yield of 30 % was obtained. With respect 

to the class of hyponitrites, surprisingly DBHN (2e) turned out to be much less effective than 

TBHN (2d) under the described conditions.  For DBHN (2e) a yield of only 17 % was 

obtained, whereas TBHN (2d) lead to 69 % of dodecane (16a). 

 

Table 8: Results of the initiator screening as shown in Figure 21. 

Initiator temperature T [°C] yield [%] 

DTBP (2c) (20 mol%) 

DCPOa (2f) (20 mol%) 

80 

80 

0 

0 

BEt3 (2b) (50 mol%) rt 13 

AIBN (2a) (20 mol%) 80 30 

DBHNb (2e) (20 mol%) 80 17 

TBHN (2d) (20 mol%) 80 69 
        a Toluene was used instead of benzene. 

 

2.2.4. Dibenzylhyponitrite (DBHN, 2e) as initiator 

In order to understand the difference in the initiation between TBHN (2d) and DBHN (2e), the 

decomposition of the two compounds under thermal conditions was investigated in the 
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absence of any other substrate. For DBHN (2e) a half life time of t1/2 = 170 seconds at 60 °C 

was determined by 1H NMR spectroscopy. In order to slow the decay of the substance down, 

the measurement was repeated at 40 °C and followed over 70 minutes. The mechanism of 

the decay of DBHN (2e) at 40 °C is shown in Figure 22. While releasing nitrogen, DBHN (2e) 

decomposes into two benzyloxy radicals. These may either undergo a cleavage reaction to 

form benzaldehyde (21a) or recombine to dibenzyl peroxide (21b). What is rather surprising 

is the fact that no H atom trapping by the benzyloxy radicals is observed, what would lead to 

benzyl alcohol (21c). A section of the 1H NMR measurement after 30 minutes is shown in 

Figure 23. The upper part shows benzyl alcohol (21c) as reference (also measured in C6D6). 

The lower part shows remaining DBHN (2e) as well as the two products 21a and 21b, but no 

formation of benzyl alcohol (21c) is apparent. 

 

Figure 22: Mechanism of the thermal decay of DBHN (2e) at 40 °C. 

 

 

 

Figure 23: (a) Benzyl alcohol (21c). (b) Section of the 1H NMR measurement of the decay of 

DBHN (2e) after 30 minutes. 

1234567891011

ppm 
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The time-conversion plot of the decomposition of DBHN (2e) at 40 °C to benzaldehyde (21a) 

and dibenzyl peroxide (21b) is shown in Figure 24. The relatively high decomposition rate of 

DBHN (2e) even at low temperatures indicates that the yield of only 17 % dodecane (16a) in 

the reduction of 1-iodododecane (18d) may be due to the fast decay of the initiator.  

 

Figure 24: Decay of DBHN (2e) at 40 °C. 

 

The fast decomposition of DBHN (2e) suggested to repeat the radical reaction at a lower 

temperature (Figure 25). Hence, the reaction was conducted at room temperature for 

two hours. 1,3,5-Trimethoxybenzene (22, TMB) was added as internal NMR standard. The 

desired reduction product 16a was found in 2 % yield. The reaction mixture was also 

analyzed by GC/MS to detect possible side products. Tetracosane (16c) as the 

recombination product of two dodecyl radicals was found in traces (< 1%), the possible 

recombination product 23 of a benzyloxy radical with a dodecyl radical was not observed. For 

the low conversion two possibilities may be discussed. One obvious reason may be the bad 

solubility of DMAP borane (17q) at low temperature in nonpolar solvents such as benzene.  

Furthermore, it might also be possible, that higher temperatures are needed for the 

propagation steps of the reaction. However, as higher temperatures would again accelerate 

the decomposition of DBHN (2e), another solution was needed. 
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Figure 25: Reduction of 1-iodododecane (18d) with DMAP borane (17q), TDT (15b) and 

DBHN (2e) as initiator at room temperature. 

 

2.2.5. Diethylaminopyridine borane (17z) as hydrogen atom donor 

In order to increase the solubility of the borane complex, its structure was slightly modified. 

Therefore, 4-diethylaminopyridine borane (17z, DEAP borane) was synthesized in two steps 

(Figure 26). The first step was the formation of the free base 24 (DEAP). Para-aminopyridine 

(24a) was deprotonated stepwise with nBuLi (1.15 eq.) and afterwards alkylated with ethyl 

iodide (1.15 eq.) in THF at room temperature. This step was repeated. After quenching with 

water followed by extraction with chloroform, the crude product was purified by washing with 

isohexane and ethyl acetate. 4-diethylaminopyridine (24, DEAP) was obtained as slightly 

yellow wax (29 %). DEAP (24) was dissolved in THF at 0 °C and reacted with a Me2S-BH3 

solution (1.10 eq.) for 10 minutes. Finally the pure DEAP borane (17z) was precipitated with 

isohexane as a white solid (59 %). This compound was found to be soluble in toluene as well 

as in benzene at room temperature, thus showing suitable properties for the low temperature 

radical reaction with DBHN (2e). 

Figure 26: Synthesis of DEAP borane (17z). 

 

The radical test reaction was repeated with DEAP borane (17z) in the same way as before 

with DMAP borane (17q) and is shown in Figure 27. However, the result turned out to be the 

same as before, despite the improved solubility of the reducing agent. Once again almost no 

conversion (2 %) to dodecane (16a) was observed. The solubility seems not to affect the 

reaction outcome very much. It is much more likely, that higher temperatures are required for 

a successful reduction with N-alkylated pyridine borane complexes, what makes DBHN (2e) 

an unsuitable initiator for this purpose. 
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Figure 27: Reduction of 1-iodododecane (18d) with DEAP borane (17z), TDT (15b) and 

DBHN (2e) as initiator at room temperature. 

 

2.3. Mechanistic aspects of the radical reduction of 1-iodododecane (18d) with 

dialkylaminopyridine boranes 

 

2.3.1. Thermal decay of TBHN (2d) 

The thermal decay of TBHN (2d) was investigated, as the compound had already shown 

promising results as initiator. The mechanism of the decomposition of TBHN (2d) at 80 °C is 

shown in Figure 28. Under release of nitrogen, the hyponitrite 2d forms two tert-butoxy 

radicals. These may undergo either a recombination reaction to form di-tert-butylperoxide 

(2c) or a cleavage reaction which forms acetone (25a) and a methyl radical. As no further 

methylated products could be detected, these methyl radicals may now trap an H atom (e. g. 

from the solvent) or recombine to ethane (16e). A third pathway, which leads to tert-butanol 

(25b) by H atom trapping, was also observed. This finding is in contrast to DBHN (2e), where 

the formation of the corresponding alcohol was not detected. 

 

Figure 28: Mechanism of the decay of TBHN (2d) at 80 °C. 
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Figure 29 shows a section of the 1H NMR spectrum taken during of the decay of TBHN (2d). 

The formation of the three products tert-butanol (25b), acetone (25a), and di-tert-butylberoxid 

(2c) such as remaining TBHN (2d) can be clearly seen. The chemical shifts in the mixture 

were compared to NMR spectra of the pure substances. 

 

 

 

Figure 29: 1H NMR spectrum of the decay of TBHN (2d). 

 

The time-conversion plot of the decay of TBHN (2d) at 80 °C in toluene-d8 is depicted in 

Figure 30 and was monitored by 1H NMR spectroscopy. The half-life time of TBHN (2d) at 

80 °C was assigned as t1/2 = 520 seconds. After the measurement the ratio of the three 

products was determined as tert-butanol (25b) : acetone (25a) : di-tert-butylperoxide (2c) = 

73 : 25 : 2. This shows, that the H trapping product is mainly formed here, whereas the 

recombination product plays only a minor role. 

012345678
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Figure 30: Time-conversion plot of the decay of TBHN (2d) at 80 °C in toluene-d8. 

 

2.3.2. Thermally induced decomposition of TBHN (2d) in the presence of DEAP 

borane (17z) 

In order to understand the mechanism of the reduction of 1-iodododecane (18d), the reaction 

of the borane complex and the initiator was investigated. Therefore, DEAP borane (17z) was 

used, due to the better solubility in toluene, compared to DMAP borane (17q).  

 

2.3.2.1. Mechanism 

As in the previous radical experiments 20 mol% of TBHN (2d) was used and the reaction of 

the thermally activated initiator and the borane complex 17z was monitored by 1H and 
11B NMR spectroscopy in toluene-d8 as solvent (Figure 31). The first step is again the 

formation of tert-butoxy radicals under evolution of nitrogen. These oxygen-centered radicals 

now can abstract an H atom from the borane complex to form boryl radical 25c and tert-

butanol (25b). A recombination of two tert-butoxy radicals or a cleavage reaction was not 

observed. Boryl radical 25c now undergoes either a recombination with another tert-butoxy 

radical or attacks the oxygen of free TBHN (2d). This step forms borane complex 25d, which 

could not be detected by NMR measurements. Thus, a fast decay of complex 25d must be 

the following step. The reaction with tert-butanol (25b) leads to di-tert-butoxy borane (25e) 

and the free base DEAP (24). At that stage of the ongoing reaction the borane is not 

complexed any more to the base. Furthermore, hydrogen gas is released, which is also 
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detected in the 1H NMR spectrum. As a final step, di-tert-butoxy borane (25e) reacts one 

more time with tert-butanol (25b) to form tert-butoxy borate (25f) as the final reaction 

product. 

Figure 31: Mechanism of the decomposition of TBHN (2d) in presence of DEAP borane 

(17z) at 80 °C. 

 

2.3.2.2. NMR studies 

Figure 32a shows an example of a time dependent 11B NMR study, where the formation of 

25e is detected. Figure 32b shows a section of the 11B NMR measurement. Remaining DEAP 

borane (17z, quartet), which was used in excess, and di-tert-butoxy borane (25e, doublet) 

are detected. The final tert-butoxy borate (25f) has only formed to a small part at that stage 

of the reaction. 
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Figure 32: (a) Example of a time dependent 11B NMR measurement of the decay of TBHN 

(2d) in the presence of DEAP-BH3 (17z). (b) Section of the measurement after 30 minutes. 

 

A time-conversion plot of the reaction between DEAP borane (17z) and the initiator could not 

be obtained, due to the complexity of the 1H NMR spectrum, which did not allow an exact 

integration of the signals. A part of the 1H NMR spectrum taken after ten minutes is shown in 

Figure 33. DEAP borane (17z) and the free corresponding base DEAP (24) are represented 

by the signals 1 to 8. Further substances (tert-butanol (25b, 1.06 ppm), TBHN (2d, 

1.21 ppm), di-tert-butoxy borane (25e,1.24 ppm)) were identified by the NMR shift of their 

methyl groups, which was proven by independent measurements of the pure substances. 

The absence of the recombination product di-tert-butyl peroxide (2c, 1.18 ppm) as well as 

acetone (25a, 1.62 ppm) as the cleavage product is also obvious. 

-35-30-25-20-15-10-5051015202530
ppm 
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Figure 33: Products of the reaction of TBHN (2d) and DEAP borane (17z) at 80 °C in 

toluene-d8. (
1H NMR measurement after 10 minutes.) 

 

2.3.2.3. Independent control experiments 

The versatile products of the thermal decomposition of TBHN (2d) and the reaction between 

DEAP borane (17z) and the initiator might also lead to side reactions. Therefore possible 

side reactions were checked independently (Figure 34). A reaction of DEAP borane (17z) 

with tert-butanol (25b) and acetone (25a) at 80 °C in toluene respectively could be excluded 

(Figure 34a and Figure 34b). Furthermore, di-tert-butoxy borane (25e) was synthesized by 

the reaction of Me2S-BH3 and tert-butanol (25b, 2 eq.) and immediately reacted with DEAP 

24, Figure 34c). The same was done with tert-butoxy borate (25f) and 24 (Figure 34d). In 

both cases no complexation was observed (determined by 11B NMR). This finding indicates, 

that during the radical reaction a dissociation of the base and the borane occurs. A possible 

reaction between di-tert-butyl peroxide (2c) and the dissociated boron species 25e and 25f 

was also shown not to happen (Figure 34e and Figure 34f) 

 

012345678
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Figure 34: Independent investigation of possible side reactions, which could occur during the 

reaction of TBHN (2d) and DEAP borane (17z). 

 

2.3.3. Closer analysis of the initiation with TBHN (2d) in the presence of DEAP borane 

(17z) 

While the recombination product di-tert-butyl peroxide (2c) was formed in small amounts 

during the decay of TBHN (2d), for the reaction between initiator and borane this compound 

did not show up. Therefore, further studies on the initiation step were necessary, which will 

be discussed next.  
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2.3.3.1. Comparison with di-tert-butyl peroxide (2c) 

In an independent test reaction it could be shown, that di-tert-butyl peroxide (2c, which is 

also a commercially available initiator) does not react with DEAP borane (17z) at 80 °C in 

toluene-d8 over 1.5 hours (Figure 35). Subsequently this reaction can be excluded to happen 

during the initiation step with TBHN (2d). It is rather likely that an oxygen-centered radical is 

needed to abstract an H atom from the borane complex to generate boryl radical 25c. 

 

Figure 35: Investigation on the reaction of di-tert-butyl peroxide (2c) and DEAP borane (17z) 

at 80 °C in toluene-d8. 

 

2.3.3.2. Comparison with AIBN (2a) 

The question came up, whether boryl radical 25c is also able to attack on the oxygen of 

TBHN (2d) or eventually even on the nitrogen. Therefore the borane complex was reacted 

with the initiator AIBN (2a) at 80 °C in toluene-d8 for 90 minutes and the reaction monitored 

by 1H and 11B NMR (Figure 36). Beside the decay of AIBN (2a) there was no reaction with 

the borane complex evident. This fact indicates, that the H abstraction from the borane 

complex by carbon-centered radicals is not very efficient, so that the boryl radical 25c may 

not be formed unter these conditions. 

 

Figure 36: Reaction of AIBN (2a) and DEAP borane (17z) at 80 °C in toluene-d8. 
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2.3.3.3. Competition experiment of TBHN (2d)  and AIBN (2a) 

In order to repeat the reaction in the presence of boryl radicals, TBHN (2d) was added 

(Figure 37). The decay of TBHN (2d) and the following reaction forms boryl radical 25c. After 

90 minutes, only the free base 24 as well as di-tert-butoxy borane (25e) and tert-butoxy 

borate (25f) was detected. No further reaction with AIBN (2a) or a recombination product 

from boryl radical 25c and a carbon-centered radical was apparent. This finding supports the 

hypothesis, that boryl radical 25c may attack the oxygen of TBHN (2d) but not on the 

nitrogen. Also a recombination of boryl radical 25c with a non-oxygen-centered radical is 

very unlikely. 

 

Figure 37: Investigation on the reaction of AIBN (2a) and DEAP borane (17z) in presence of 

TBHN (2d) at 80 °C in toluene-d8. 

 

2.3.3.4. Initiation in the presence of TBHN (2d) and di-tert-butyl peroxide (2c) 

In order to determine if an attack of the boryl radical 25c on the oxygen of the starter is 

possible, di-tert-butyl peroxide (2c, 30 mol%), TBHN (2d, 20 mol%) and DEAP borane (17z) 

were reacted at 80 °C in toluene-d8 and monitored by 1H NMR spectroscopy over 70 minutes 

(Figure 38).  

 

Figure 38: Reaction of di-tert-butyl peroxide (2c) and DEAP borane (17z) in the presence of 

TBHN (2d) at 80 °C in toluene-d8. 

 

The result of the experiment is shown in Figure 39 as a time-conversion plot. The most 

important result of this measurement is the complete decay of di-tert-butyl peroxide (2c) 

within ten minutes. This fact shows obviously, that once the boryl radical 25c is formed, it 

reacts with the oxygen atoms of both initiators. In the absence of these radicals di-tert-butyl 
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peroxide (2c) had shown no reaction with DEAP borane (17z) under the same conditions. 

Thus, TBHN (2d) is capable for the formation of the boryl radical 25c. Once it is formed also 

a peroxide, which usually would initiate at higher temperatures (t1/2(141 °C) = 60 min)[52] can 

be involved in the reaction. Furthermore a fast rise of tert-butanol (25b) in the first 

ten minutes is detected, which than decreases as it may react with di-tert-butoxy borane 

(25e) or also undergo a reaction with the boryl radical 25c.  

 

Figure 39: Time-conversion plot of the reaction of di-tert-butyl peroxide (2c) and DEAP 

borane (17z) in presence of TBHN (2d) at 80 °C in toluene-d8. 

 

The mechanism of the reaction of TBHN (2d) with DEAP borane (17z) in the presence of di-

tert-butyl peroxide (2c) at 80 °C is shown in Figure 40. The decomposition of TBHN (2d) 

delivers two oxygen-centered radicals, whereas di-tert-butyl peroxide (2c) does not initiate at 

that temperature. The oxygen-centered radical abstracts an H atom from the borane complex 

17z to form boryl radical 25c and tert-butanol (25b). At that stage three possible pathways 

can be discussed. The boryl radical may react with one of the oxygens of the hyponitrite 2d 

or the peroxide 2c. Another plausible pathway, which should be considered as a side 

reaction, is the recombination of a tert-butoxy radical with boryl radical 25c. All steps lead to 

the formation of borane complex 25d, which then leads to the free base 24 and the final 

boron species 25e and 25f. 
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Figure 40: Mechanism of the reaction of di-tert-butyl peroxide (2c) and DEAP borane (17z) 

in presence of TBHN (2d) at 80 °C. 

 

2.3.3.5. Comparison with di-tert-butyl peroxide (2c) and dicumyl peroxide (2f) as high 

temperature initiatiors   

The results described above suggest that the much cheaper di-tert-butyl peroxide (2c) can  

also be a useful initiator, as it produces two oxygen-centered radicals during thermal 

initiation. Based on the previous results, it seemed obvious, that the formation of an 

oxygen-centered radical was the key step for a successful outcome of the radical reaction. 

So, the initial reduction of 1-iodododecane (18d) was repeated with DTBP (2c, 20 mol%) at 

100 °C and 110 °C without success (Figure 41). The explanation for this result seems to be 

the too low initiation temperature for this radical starter. With half-life times of DTBP (2c) of 

t1/2(141 °C) = 60 min and t1/2(121 °C) = 10 h, the temperature of 110 °C is just too low for a 

sufficient initiation. Furthermore a thermal initiation at higher temperatures is not possible as 

the borane complex 17z undergoes a fast ionic reduction of alkyl halides at temperatures 

above 110 °C, which will be discussed in a later section. Subsequently dicumyl peroxide (2f), 
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which initiates at slightly lower temperatures, was chosen (t1/2(132 °C) = 60 min, 

t1/2(112 °C) = 10 h). The thermal initiated reduction of 1-iodododecane (18d) was tried again 

at 110 °C with dicumyl peroxide (2f, 20 mol%) as initiator with the same result as before 

(Figure 41). Although initiation with dicumyl peroxide (2f) takes place at moderate lower 

temperatures compared to di-tert-butyl peroxide (2c), the formation of oxygen-centered 

radicals at 110 °C seems not to be efficient enough. 

 

Figure 41: Reduction of 1-iodododecane (18d) with DMAP borane (17q) and TDT (15b) with 

the high temperature initiating peroxides 2c and 2f. 

 

2.3.3.6. Comparison with initiation on irradiation 

As DTBP (2c) and dicumyl peroxide (2f) are also known to decompose on irradiation, this 

kind of initiation method was tried next. Therefore the solvent was changed, as the 

absorption of toluene or benzene below 290 nm would compensate the UV light. Dicumyl 

peroxide (2f) was dissolved in CDCl3 and put under an UV lamp (254 nm) for one hour and 

the decomposition checked by 1H NMR (Figure 42a). After one hour acetophenone (26a, 

19 %) as the cleavage product and 2-phenyl-2-propanol (26b, 11 %) as the H trapping 

product had formed. The 1H NMR analysis of the reaction is shown in Figure 42b. The 

formation of the products as well as remaining dicumyl peroxide (2f) is obvious and can be 

characterized by the NMR shifts of the corresponding methyl groups. 
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Figure 42: Decay of dicumyl peroxide (2f) by irradiation (254 nm) after one hour at room 

temperature in CDCl3.  

 

With this result in hand, the reduction of 1-iodododecane (18d) by irradiation of the initiator 

was performed again in CDCl3 at room temperature (Figure 43a). As no formation of 

dodecane (16a) was detected, the reaction was repeated at a higher temperature. Previous 

studies with TBHN (2d) and DBHN (2e) had also shown temperature dependence for the 

reduction of 1-iodododecane (18d). As the reaction was performed in an open vessel, in 

order to irradiate the mixture with an UV lamp from above, chloroform (bp. 61 °C) was 

replaced by 1,4-dioxane (bp. 101 °C) and the reaction was repeated at 80 °C (Figure 43b). 

However, even at 80 °C no formation of dodecane (16a) was apparent. Finally, 

1-iodododecane (18d) was replaced by xanthate 18c (Figure 43c), which usually is also very 

potent for TBHN (2d) initiation at 80 °C (which will be discussed later).  Yet, no reduction of 

the xanthate was observed. 
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Figure 43: Reduction reactions with DMAP borane (17q) and dicumyl peroxide (2f) by UV-

irradiation (254 nm). (a) In CDCl3 at room temperature. (b) In 1,4-dioxane at 80 °C. (c) With 

xanthate 18c in 1,4-dioxane at 80 °C. 

 

In order to find a reason for the unsatisfactory reaction outcome, DMAP borane (17q) was 

dissolved in CDCl3 and irradiated for one hour (254 nm) at room temperature. Surprisingly, 

44 % of borane complex 17q had decomposed to form DMAP (27) and BH3 (28, Figure 44). 

The formation of the free base was monitored by 1H NMR spectroscopy. Subsequently, the 

release of BH3 (28) leads to the formation of boric acid (28a) by reaction with air humidity, 

which can be seen as a white precipitate from the former clear CDCl3 solution. This indirectly 

proves the formation of gaseous BH3 (28), which was not detected spectroscopically. The 

outcome of this experiment clearly indicates, why dicumyl peroxide (2f) is not a suitable 

initiator upon irradiation. The decomposition of the borane complex seems to compete with 

the decay of the radical starter. Thus, the rise of temperature to 80 °C does also speed up 

the decay of the complex, no reduction of the alkyl halide being the consequence. 
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Figure 44: Decomplexation of DMAP borane (17q) at room temperature by irradiation 

(254 nm) after 1 h. 

 

2.3.4. Reduction of 1-iodododecane (18d) with DEAP borane (17z) and TBHN (2d) 

All the results up to that point indicate that the choice of the initiator, as well as the right 

condition is very important for a successful reduction with pyridine-derived borane 

complexes. The formation of an oxygen-centered radical during the initiation step seems 

essential and limits possible initiation systems. Beside hyponitrites, peroxides or peresters 

may deliver these radicals. However, only the formation of an oxygen-centered radical does 

not automatically grant success, what DBHN (2e) and dicumyl peroxide (2f) have shown. At 

too low temperature, the reduction becomes inefficient, despite the presence of oxygen-

centered radicals (compare DBHN (2e)). The same unsatisfying result is achieved if the 

initiator is decomposing too fast at higher temperatures (DBHN (2e)). Yet, temperatures 

above 120 °C lead to an undesired ionic reduction of the alkyl halide (which will be discussed 

later), resulting in the exclusion of high temperature initiators such as dicumyl peroxide (2f). 

Furthermore, irradiation (at the wavelength of 254 nm applied here) leads to decomplexation 

of the borane faster than any effective initiation could occur. All these findings demonstrate, 

that there is only a very small region, in which the borane complex is compatible with the 

radical starter.  

 

2.3.4.1. Mechanism 

Subsequently, the promising system of DEAP borane (17z) and TBHN (2d, 20 mol%), 

together with 1-iodododecane (18d) as substrate, was analyzed in more detail at 80 °C. The 

yield of dodecane (16a) was 45 % under these conditions. The complex mechanism was 

clarified by 1H and 11B NMR spectroscopy and is shown in Figure 45. 

The initiation step is the thermal decomposition of TBHN (2d), which leads to tert-butoxy 

radicals. These react with DEAP borane (17z) to the boryl radical 25c and tert-butanol (25b).  

Two chain reactions may be considered for the mechanism. The first chain reaction is the 

reaction of radical 25c with the initiator, which leads to a tert-butoxy radical and borane 

complex 25d. The tert-butoxy radical is reinvolved in the chain reaction, whereas borane 

complex 25d leads to versatile ionic side reactions. The second chain reaction is the halide-

abstraction by boryl radical 25c, leading to a dodecyl radical and borane complex 25h. The 

desired product dodecane (16a) is formed by a hydrogen transfer from DEAP borane (17z) to 

the dodecyl radical, which regenerates boryl radical 25c. As termination step, the 

recombination of an oxygen-centered radical with boryl radical 25c seems most plausible.  

Other recombination reactions (for example the recombination of two dodecyl radicals) may 
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also be taken into account. However, no other recombination products could be detected by 

NMR spectroscopy and GC/MS analysis. Problematic for the moderate yield of only 45 % of 

16a are the versatile side reactions, especially the formation of the bispyridyl borane complex 

25i. Borane complex 25h as well as the free base DEAP (24) could not be detected during 

the reaction, thus these species must undergo fast side reactions, one of them leading 

directly to the bispyridyl borane complex 25i. The formation of free diethylaminopyridine (24) 

is attributed to the decomplexation of the borane species 25d and 25g. Furthermore, borane 

complex 25h reacts fast with tert-butanol (25b), leading to the instable tert-butoxy borane 

(25n) and DEAP hydroiodide (25j). The hydroiodide species 25j can now react with DEAP 

borane (17z) and build up bispyridyl borane complex 25i. The side reactions, which lead to 

the bispyridyl species 25i, will be looked at in detail in the next section.  

Finally, tert-butoxy borane (25n) may either disproportionate or react with tert-butanol (25b) 

and/or acetone (25a), which comes from the cleavage reaction of the tert-butoxy radical. The 

final products are disubstituted and trisubstitutet boron species (25e, 25f, 25k, 25l and 25m), 

which show small differences in their 11B NMR shifts, which will be shown later. It should be 

mentioned, that the formation of elemental hydrogen can also be detected by 1H NMR 

spectroscopy (singlet at 4.50 ppm in toluene-d8). The large number of possible side reactions 

seems to be a plausible explanation for the yield of only 45 % of dodecane (16a).  
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Figure 45: Mechanism of the reduction of 1-iodododecane (18d) with DEAP borane (17z) 

and TBHN (2d) at 80 °C in toluene-d8. 
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2.3.4.2. NMR studies 

In order understand the complexity of the proposed mechanism better, the time-dependent 
11B NMR is shown in Figure 46. The reaction was monitored over 90 minutes (Figure 46, y-

axis). It is obvious, that the main part of the reaction takes place in the first 30 minutes. The 

decay of the borane complex 17z, which leads to the formation of borane complex 25d and 

the mixed tert-butoxy and iso-propoxy borane species, is the main reaction during these first 

30 minutes. The fact, that most of the starting borane 17z is consumed after 30 minutes is 

consistent with the decay of TBHN (2d) after that time (Figure 30, page 26). The formation of 

the borane species 25g as well as the appearance of the final mixed borate species is much 

slower. Nevertheless, the reaction between DEAP borane (17z) and the initiator TBHN (2d) 

seems to compete against a successful hydrogen atom transfer to the dodecyl radical. 

  

 

 

Figure 46: Time-dependent 11B NMR measurement of the reduction of 1-iodododecane 

(18d) with DEAP (17z) borane and TBHN (2d) at 80 °C in toluene-d8. 

 

Results from the 11B NMR measurements after 60 minutes reaction time are shown in Figure 

47. Figure 47a shows the 1H coupled measurement after 60 minutes, Figure 47b displaying 

the {1H} 11B NMR measurement. The comparison of both spectra is necessary to prove the 

number and kind of species with the help of their multiplets. The presence of the three 

borane complexes 25d, 25g and DEAP borane (17z) can be detected as a doublet, a triplet 

and a quartet. The two mixed borane species 25e and 25k show up as two doublets (two 

singlets in the {1H} 11B NMR measurement). The final mixed borate species 25f, 25l and 25m 

are reflected by singlets in both spectra. 

-30-25-20-15-10-5051015202530
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Figure 47: 11B NMR product analysis of the reduction of 1-iodododecane (18d) with DEAP 

borane (17z) and TBHN (2d) at 80 °C in toluene-d8. 

 

2.3.4.3. Formation of a bispyridyl borane complex 

Bispyridyl borane complex 25i cannot be detected at all during 11B NMR the measurements. 

This is due to precipitation of 25i as a white solid during the reactions. This precipitate could 

be recrystallized from toluene/DCM through slow evaporation of DCM yielding crystals 

suitable for X-ray analysis. The X-ray structure of bispyridyl borane complex 25i is shown in 

Figure 48. The BN distance of 1.576 Å of this complex is slightly shorter than the BN 

distance in DMAP-BH3 (17q, 1.596 Å). This might be due to electronic effects by attaching a 

second pyridine ligand to the boron atom.  

-30-25-20-15-10-5051015202530
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Figure 48: X-ray structure of bispyridyl borane complex 25i (d(BN) = 1.576 Å, 

d(BI) = 4.757 Å). 

 

As complex 25i is completely unsoluble in toluene, it did never show up during NMR 

measurements of the radical reaction. However, by dissolving the substance in DMSO-d6, 

NMR spectra of bispyridyl borane complex 25i could be obtained. The 1H and 11B NMR 

spectra are shown in Figure 49.  
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Figure 49: (a) 1H NMR and (b) 11B NMR measurements of bispyridyl borane complex 25i in 

DMSO-d6.  

 

As expected, the 1H NMR spectrum shows the two ethyl groups and the aromatic protons of 

complex 25i. The BH2 moiety does not show up as a sharp signal. It is very likely, that the 

signal is just too broad, to be integrated properly. Surprisingly, for the 11B NMR, only one 

sharp signal in the 1H coupled and {1H} measurement was found at +1.00 ppm. The question 

why the 1H coupled measurement does not show a triplet is not yet answered. 
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2.3.4.4. Independent control experiments 

As the mechanism of the radical reduction of 1-iodododecane (18d) would also allow further 

side reactions, possible reactions were performed as an independent proof for the depicted 

reaction scheme (Figure 50). The reaction of DMAP (27) and 1-iodododecane (18d) at 80 °C 

leads to the pyridinium iodide 29a, which can be detected by 1H NMR spectroscopy in 

toluene-d8 (Figure 50a). A reaction of this iodide salt with DMAP borane (17q), which could 

form the bispyridyl borane species 29b and dodecane (16a) was not found at 80 °C. In terms 

of the radical reaction, no reaction between the free base and the substrate was detected. 

Subsequently, the free base reacts much faster to the bispyridyl species then with the 

substrate 1-iodododecane (18d). This reaction will be discussed in a later section. Figure 50b 

shows that there is also no reaction between DMAP borane (17q) and the substrate 18d at 

80 °C. Finally, a reaction of the initiator 2d and the alkyl iodide 18d could also be excluded 

(Figure 50c). In this case only the decay of TBHN (2d) was found. With these findings, 

undesired side reactions of 1-iodododecane (18d) could be ruled out. 

 

Figure 50: Independent check of possible side reactions, which could occur during the 

reduction of 1-iodododecane (18d) with DEAP borane (17z) and TBHN (2d) at 80 °C. 

 

In order to obtain analytical data for possible iodoborane complexes, DMAP borane (17q) 

was reacted with different amounts of elemental iodine for ten minutes at room temperature 

in CDCl3 (Figure 51). With the resulting 11B NMR measurements the three iodoborane 

complexes (29c, 29d and 29e) could be clearly characterized. There is no doubt, that none 

of the complexes appears in a detectable concentration during the radical reaction. 
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Figure 51: Synthesis of iodoborane complexes 29c, 29d and 29e. 

 

Bispyridyl borane complex 29b can be synthesized in two different ways (Figure 52). The 

reaction of DMAP (27) with an aqueous solution of HI in excess lead to DMAP hydroiodide 

(29f). By addition of DMAP borane (17q), this salt could be turned over into bispyridyl borane 

complex 29b. Furthermore the reaction of iodoborane 29c and DMAP (27) caused the same 

result. Both reactions are very fast as the bispyridyl complex 29b precipitates immediately 

from a THF/chloroform (1:1) solution. The reason why neiter the free base 27, nor the 

iodoborane species 29c was found during the radical experiment must subsequently lie in 

the fast precipitation of complex 29b. Moreover this compound seems to be very stable, as it 

can be handled without inert gas atmosphere. It is even not decomposing in the presence of 

water, indicated by 1H NMR spectroscopy. 

Figure 52: Different synthetic routs for the bispyridyl borane complex 29b. 
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The attempt to exchange the anion with potassium tert-butanolate at 90 °C in THF (closed 

vessel, microwave) did not lead to the desired result (Figure 53). Bispyridyl borane complex 

29b was recovered unchanged after 30 minutes. 

 

Figure 53: Attempt of an anion exchange of bispyridyl species 29b. 

 

The fact, that iodoborane complexes were not detected during the radical reaction can also 

be attributed to the reaction with tert-butanol (25b). The reaction of iodoborane 25h with tert-

butanol (25b) is shown in Figure 54. Here, the possible oxidized form 25o of the complex 

was not found. The reaction with the alcohol leads to the hydroiodide 25j and tert-butoxy 

borane (25e), which rapidly decomposes. It is assumed, that borane complex 25d is formed 

in a first step, which decomplexes rapidly and recomplexes with HI. This is also an important 

information with regard to the mechanism of the radical reaction. As shown in Figure 52, the 

hydroiodide salt reacts very fast with DMAP borane (17q), which leads to the formation of the 

bispyridyl species 29b. Thus, it seems very clear on which pathways the precipitating 

complex 25i may be formed and why some species just do not show up in NMR 

measurements.  

Figure 54: Reaction of iodoborane 25h and tert-butanol (25b). 
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The oxidized borane complex 29g, which appears in the radical experiment, could be 

generated form the reaction of iodoborane 29c and potassium tert-butanolate (Figure 55a). 
11B NMR analysis of the compound proves the existence of the oxidized species 29g. As a 

comparison, a section of the 11B NMR measurement of the radical reaction is shown in 

Figure 55b. The corresponding signal  in the 11B NMR measurement is shifted by 3.58 ppm. 

This may be caused by the different solvent (CDCl3 vs. toluene-d8), the temperature 

difference (rt vs. 80 °C) or the difference in the Lewis-base itself (DMAP vs. DEAP). 

Nevertheless, it seems very unlikely that the signal at ī1.74 ppm can be attributed to another 

species than 25d. 

 

 

 

 

 

 

 

 

Figure 55: (a) Synthesis of the oxidized borane complex 29g and the corresponding 
11B NMR measurements. (b) Comparison with complex 25d formed during the radical 

reaction. 

 

These control experiments help to confirm and understand the complex mechanism of the 

radical reaction. It seems reasonable, that the conversion of 1-iodododecane (18d) is limited 

to 45 %, due to numerous side reactions of the borane with the radical starter. Furthermore, 

the consumption of the borane complex, which leads to the bispyridyl species 25i, also 

affects the reaction outcome.  

 

2.3.5. Reduction of 1-iodododecane (18d) with DEAP borane (17z), TBHN (2d) and the 

catalyst TDT (15b) 

In order to improve the yield of dodecane (16a), the reaction was repeated under the same 

conditions as before, with the addition of the thiol TDT (15b, 5 mol%) as catalyst. The yield of 

dodecane (16a) increased to 65 % in this case.  

-7-6-5-4-3
ppm 

-4-3-2-10
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2.3.5.1. Mechanism 

The mechanism of the thiol-catalyzed reaction is shown in Figure 56. The addition of TDT 

(15b) leads to a catalytic cycle, which is involved in chain 2. A hydrogen transfer from the 

thiol to the dodecyl radical leads to dodecane and a thiyl radical, which then abstracts a H 

atom from DEAP borane (17z). This leads to an increased formation of the desired product 

dodecane (16a). The oxidized borane 25d is formed slower than before, which can be seen 

based on 11B NMR studies and will be shown in the next section. This decreased formation of 

25d shows that the recombination process of boryl radical 25c and the tert-butoxy radical is 

reduced, lowering the termination process. The addition of TDT also accelerates the 

formation of tert-butanol (25b) from the tert-butoxy radical, which is involved in chain 1. This 

has two effects on the reaction. On the one hand, less tert-butoxy radicals can undergo a 

recombination, avoiding to the termination step. On the other hand, more tert-butanol (25b) 

leads to an increased formation of borane complex 25g, which can undergo a 

decomplexation, leading to di-tert-butoxy borane (25e) and free DEAP (24). A 11B NMR study 

on these effects will be shown later. 
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Figure 56: Mechanism of the reduction of 1-iodododecane (18d) with DEAP borane (17z) 

and TBHN (2d) in presence of the catalyst TDT (15b) at 80 °C in toluene-d8. 
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2.3.5.2. NMR studies 

A comparison between the 11B NMR measurements of the uncatalyzed and the catalyzed 

reaction is shown in Figure 57. Figure 57a shows the uncatalyzed reaction after 60 minutes, 

Figure 57b displays the catalyzed reaction after 30 minutes, where the precipitation of 

bispyridyl borane 25i occurs also faster. The increase of the borane species 25g, 25e and 

25k as well as the decrease of the oxidized borane 25d is obvious. The comparison of the 
11B NMR measurements is absolutely in line with the mechanism shown before, as the 

decrease and increase of the species clearly reflect the pathways of the reaction. The 

addition of thiol as catalyst improves the yield of the reaction by 20 %. However, there are 

still versatile side reactions which prohibit a better yield.  

 

 

 

Figure 57: Comparison of 11B NMR measurements. (a) Uncatalyzed reduction of 

1-iodododecane (18d). (b) TDT (15b)-catalyzed reduction. 

-30-25-20-15-10-5051015202530
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2.3.6. Solubility of dialkylaminopyridine boranes 

A main problem of the moderate yield of the reduction product seems to be the solubility of 

the borane complex. Whereas DMAP borane (17q) is almost insoluble in toluene at room 

temperature, DEAP borane (17z) is soluble. However, the solubility of the precipitating 

bispyridyl borane species 25i in toluene is very low, even at 80 °C. This fact, that not even 

traces of the complex could be detected during NMR studies proves the poor solubility. The 

hypothetic effect a better soluble bispyridyl borane species is shown in Figure 58. If it would 

be possible to abstract an H atom from the bispyridyl species, the radical reaction could in 

principle proceed in the same way as described before. The abstraction of the iodide would 

lead to an alkyl radical, which then would undergo an H atom transfer from the thiol. 

 

Figure 58: Hypothetic involvement of a bispyridyl borane complex into the radical reaction. 

 

2.3.6.1. Synthesis of dihexylaminopyridine borane (DHAP borane, 30f) 

For the improvement of the solubility of the bispyridyl borane species, a new borane complex 

was synthesized (Figure 59). The reaction was carried out under an inert gas atmosphere. 

Step 1 describes the synthesis of the free base 30a. Therefore, para-aminopyridine (30b) 

was deprotonated with n-butyllithium (2.2 eq.) and subsequently alkylated with n-hexyl 

iodide. Afterwards, the side products decane (30c), the mono alkylated base (30d) and 

remaining starting material were removed by column chromatography. The remaining 

pyridinium iodide salt 30e was precipitated with isohexane and the final product 30f obtained 

as a yellow oil (24 %). In the next step the complex was generated by addition of a Me2S-BH3 

solution (1.01 eq.), followed by removal of all volatiles. 4-Dihexylaminopyridine borane (30f, 

DHAP-BH3) was obtained in quantitative yield as a colorless oil, soluble in isohexane, which 

already demonstrates the improved solubility in nonpolar solvents.  
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Figure 59: Synthesis of DHAP borane (30f). 

 

2.3.6.2. DHAP borane (30f) as hydrogen atom donor 

After this, the radical experiment was repeated under the same conditions as before with 

DHAP borane (30f) as H atom donor (Figure 60, entry 1). With a yield of 60 % of dodecane 

(16a), the result is quite similar to the reduction with DEAP borane (17z, 65 %). However, in 

this case, no precipitation of any compound was observed. Subsequently, the bispyridyl 

borane species does not influence the radical reaction, neither in solution nor as precipitate. 

In order to find out if a higher quantity of reducing agent could affect the reaction, the 

experiment was redone with an increased amount of DHAP borane (30f, 2.0 eq., Figure 60, 

entry 2). The slight increase of 17 % product formation shows, that even doubling the amount 

of the hydrogen atom donor improves the reaction outcome only slightly. 

 

Figure 60: Reduction reactions of 1-iodododecane (18d) with DHAP borane (30f), TDT (15b) 

and TBHN (2d) at 80 °C in toluene-d8. 
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The corresponding 11B NMR measurement of the reduction with 1.1 eq. DEAP borane (17z) 

is shown in Figure 61. The formation of bispyridyl borane 30g, which now stays in solution 

(+2.88 ppm) can be identified. Furthermore, the amount of the final borates is higher, as the 

measurement was done 24 hours after the reaction. This is due to the fact, that the borane 

species (25e and 25k) may react with remaining tert-butanol (25b) or acetone (25a) over that 

period. A small amount of remaining DHAP borane (30f) is still present. All findings are 

consistent with the experiment with DEAP borane (17z) and thus demonstrate, that once the 

bispyridyl borane species is formed no subsequent step will occur. 

 

Figure 61: 11B NMR product analysis of the reduction of 1-iodododecane (18d) with DHAP 

borane (30f). 

 

2.3.7. Optimization of the TDT (15b) catalyzed reduction of 1-iodododecane (18d) with 

DEAP borane (17z) and TBHN (2d) 

The only possibility to improve the yield and to minimize side reactions was to reduce the 

amount of the initiator. Therefore, the amount of TBHN (2d) was reduced by half (Figure 62). 

In this case a full conversion to dodecane (16a) was achieved. This reflects the importance 

of the right amount of the initiator in order to minimize undesired reactions. 

Figure 62: Quantitative reduction of 1-iodododecane (18d) with DEAP borane (17z), TDT 

(15b) and TBHN (2d) at 80 °C. 
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2.3.8. Proof of the initiation concept 

Finally, there are three main factors which determine the reaction outcome. First, the starter 

must generate an oxygen-centered radical. Second, the initiation temperature should be in 

the region of 80 °C ï 110 °C and the radical starter should not decompose too fast at that 

temperature. A half-life time of about 10 minutes at the relevant temperature seems to be a 

good compromise. Lastly, the amount of starter can also affect the reaction.  

 

2.3.8.1. Synthesis of tert-butyl peroxypivalate (TBPP, 31a) 

To proove this concept, a second initiation system, showing similar properties as TBHN (2d), 

was needed. Therefore tert-butyl peroxypivalate (31a, TBPP) was synthesized (Figure 63). 

The reaction was carried out under a nitrogen atmosphere. A commercially available solution 

of tert-butyl hydroperoxide (31b, 5.5 M in decane) was mixed with pentane and cooled to 

ī20 °C. Afterwards, n-butyllithium (1.0 eq.) was slowly added. After five minutes pivaloyl 

chloride (31c, 1.0 eq.) was added and brought to room temperature. After aqueous 

extraction, pentane was removed under reduced pressure (over five minutes) and a colorless 

tert-butyl peroxypivalate (31a) solution in decane was obtained (quantitative). The amount of 

31a in the solution was determined by 1H NMR spectroscopy. 

 

Figure 63: Synthesis of tert-butyl peroxypivalate (31a, TBPP). 

 

2.3.8.2. TBPP (31a) as thermal initiation system 

The decay of TBPP (31a) was monitored by 1H NMR spectroscopy in toluene-d8 at 90 °C. 

The mechanism for this decay is shown in Figure 64. In an initial step, TBPP (31a) generates 

two oxygen-centered radicals. The pivaloyl radical afterwards eliminates CO2 to form a 

tert-butyl radical. This radical may now trap a hydrogen atom which leads to iso-butane (31d) 

or undergo a recombination reaction with another alkyl radical to form 31e or 31f. 

Furthermore, the formation of the tert-butoxy radical is the more important part in terms of the 

reduction with a borane complex. The following steps are the same as in the case of TBHN 

(2d). 
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Figure 64: Mechanism of the thermal decomposition of TBPP (31a) at 90 °C in toluene-d8. 

 

The decomposition of TBPP (31a) at 90 °C is shown in Figure 65. The half-life time 

t1/2(90 °C) = 390 s makes the compound a promising initiator (compare TBHN (2d): 

t1/2(80 °C)  = 520 s). The final decomposition products tert-butanol (25b), acetone (25a) and 

DTBP (2c) which result from the tert-butoxy radical are the same as for TBHN (2d). Only the 

amount of DTBP (2c) as recombination product is slightly higher. 

  

Figure 65: Time-conversion plot of the thermal decomposition of TBPP (31a) at 90 °C in 

toluene-d8. 
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2.3.8.3. Thermal decay of TBPP (31a) in the presence of DMAP borane (17q) 

The decay of TBPP (31a, 0.5 eq.) in the presence of DMAP borane (17q) at 90 °C is shown 

in Figure 66. The rate increase indicates a reaction between the borane complex and the 

initiator, as already shown for the system TBHN (2d)/ DEAP borane (17z). After 10 minutes 

the consumption of the perester is completed. In contrast to other systems like AIBN (2a)/ 

DMAP borane (17q), where no reaction of the complex with the starter is observed, the 

shown system undergoes a fast reaction, which seems promising for the reduction of an alkyl 

iodide. 

 

Figure 66: Time-conversion plot of the thermal decomposition of TBPP (31a) in the presence 

of DMAP borane (17q) at 90 °C in toluene-d8. 

 

2.3.8.4. Radical reduction of 1-iodododecane (18d) with TBPP (31a) as initiator 

The radical reduction of 1-iodododecane (18d) was repeated with TBPP (31a, 20 mol%) as 

radical starter (Figure 67a). In order to generate a comparable amount of tert-butoxy radicals 

as with TBHN (2d), 20 mol% of TBPP (31a) were added. The reaction was monitored by 
1H NMR spectroscopy at 90 °C. After only two minutes no further conversion of 

1-iodododecane (18d) into dodecane (16a) was detected (Figure 67b). As the reaction of 

DMAP borane (17q) and TBPP (31a) is also very fast, the missing 12 % of conversion have 

to be attributed to this side reaction. Surprisingly, no conversion was found in the absence of 

TDT (15b), which reflects the importance of the catalyst for the system. With tert-butyl 

peroxypivalate (31a), an initiator with similar properties as TBHN (2d) was found. The big 

advantage of TBPP (31a) over TBHN (2d) is the easy synthesis from cheap commercially 

available compounds. 
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Figure 67: (a) Reduction of 1-iodododecane (18d) with DMAP borane (17q), TDT (15b)  and 

TBPP (31a) as initiator at 90 °C in toluene-d8. (b) Time-conversion plot of the reduction. 

 

2.3.8.5. Reactions with TBPP (31a) as initiator - a substrate screening 

In order to check how effective the TBPP (31a)/ DMAP borane (17q) system is, two other 

substrates were investigated (Figure 68). A reduction of 1-bromododecane (18a) to the 

corresponding alkane was not successful. However, when going to the class of xanthates, a 

comparably fast reaction as for 1-iodododecane (18d) was observed (Figure 68b). The yield 

of dodecane (16a) was 85 % after 10 minutes. The time-conversion curve of the reaction is 

shown in Figure 68c and displays the fast reduction of the xanthate. Furthermore, it is 

remarkable, that for the reduction of the xanthate no addition of a thiol as catalyst is 

necessary, whereas the alkyl iodide is not reduced in the absence of a thiol. Finally, alkyl 

iodides as well as xanthates can be reduced by DMAP borane (17q) and a suitable initiator, 

such as TBHN (2d) or TBPP (31a).  
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Figure 68: (a) Reduction of alkyl bromide 18a and (b) xanthate 18c with DMAP borane (17q) 

and TBPP (31a) as initiator at 90 °C in toluene-d8. (c) Time-conversion plot of the 

uncatalyzed reduction of  xanthate 18c. 

 

2.4. High temperature initiation experiments with 1-bromododecane (18a) 

The final question was why alkyl iodides would undergo such a fast reaction, whereas alkyl 

bromides seemed to be inert under the chosen conditions. As the C-I bond strength of 

218 kJ/mol is lower than the C-Br bond strength of 285 kJ/mol, a cleavage of the C-Br bond 

is less favored.[53] In order to see how a rise of reaction temperature could affect the C-Br 

cleavage, another initiator was necessary, as TBHN (2d) and TBPP (31a) would decompose 

too fast at temperatures over 90 °C. The requirement of the radical starter was to form an 

oxygen-centered radical during the initiation and to have a similar half-life time as TBHN (2d) 

at 80 °C (520 s). Thus, two commercially available high temperature initiators were chosen 

for this purpose. In order to cover a wide range of initiation temperatures, tert-butyl 

peroxybenzoate (2g, t1/2(142 °C) = 360 s) and dicumyl peroxide (2f, t1/2(154 °C) = 360 s), 

which are commercially available, were chosen. Initiation temperatures higher than 154 °C 
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were excluded, as DMAP borane (17q) decomposes at temperatures over 169 °C. 

Subsequently, the reactions were carried out in toluene-d8 under the relevant conditions 

(Figure 69a and b). For both radical starters no conversion was observed. The reason for this 

becomes obvious, when looking at the 11B NMR measurement (Figure 69c, which was taken 

1 day after the reaction with dicumyl peroxide (2f)). The decay of the initiator and its reaction 

with DMAP borane (17q) to the final boranes becomes clear. As in the cases before, two 

borane species (31j and 31k) are present, which arise from the decay of the initiator to the 

corresponding alcohol (H trapping) and the ketone (cleavage). However, the rise in 

temperature only seems to accelerate the reaction of the radical starter with the borane 

complex 17q. Thus, a C-Br cleavage does not occur.  

 

 

Figure 69: Reduction of 1-bromododecane (18a) with the high temperature initiatiors (a) 

tert-butyl peroxybenzoate (2g) and (b) dicumyl peroxide (2f). (c) 11B NMR measurement of 

the reduction with dicumyl peroxide (2f) at 154 °C. 
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2.5. Radical reductions of xanthates  

Two very effective initiation systems have been found. TBHN (2d)/ DMAP borane (17q) as 

well as TBPP (31a)/ DMAP-BH3 (17q) can reduce alkyl iodides and xanthates efficiently. The 

importance of the formation of an oxygen-centered radical, as well as the right initiation 

temperature (80 °C for TBHN (2d), 90 °C for TBPP (31a)), has been documented. The strong 

oxophilicity of the boron atom leads to versatile side products and is also the reason why a 

reduction of alkyl bromides does not take place. Here, the C-Br cleavage is competing 

against the formation of a B-O bond and even at higher temperatures, the B-O formation is 

strongly favored. The addition of a thiol as catalyst is necessary in the case of iodides, 

whereas xanthates are reduced without catalyst. This behavior is surprising, as the reactivity 

of xanthates in radical reactions is usually similar to bromides, whereas iodides react much 

faster. As the reduction of dodecyl xanthate (18c) with DMAP borane (17q) and TBPP (31a) 

turned out to be fast and gave a good yield (85 %), the radical reduction of xanthates will be 

adressed in the following section. Therefore, the standard setup, used for the reductions of 

1-iodododecane (18d) was again employed for xanthate 18c. The reaction was followed by 
1H NMR spectroscopy at 80 °C. Full conversion to the corresponding alkane was observed 

after 4 minutes (Figure 70). 

 

Figure 70: Reduction of xanthate 18c with DMAP borane (17q), TDT (15b) and TBHN (2d) 

as initiator at 80 °C in toluene-d8.  

 

2.5.1. Variation of reaction conditions 

As a consequence of the fast reduction of xanthate 18c, the reaction conditions were varied. 

 

2.5.1.1. Variations of the initiation system 

Surprisingly, even in absence of the thiol catalyst and by lowering the amount of initiator to 

2 mol%, 92 % dodecane (16a) were formed (Figure 71a). Hence, the use of AIBN (2a) 

instead of TBHN (2d) did not lead to a reduction of xanthate 18c (Figure 71b). These two 

results show, that the formation of an oxygen-centered radical from the starter is also 

essential for the reduction of a xanthate. However, the influence of the catalyst seems to be 

not as strong as in the reduction of 1-iodododecane (18d). A time-conversion for the 

reduction of xanthate 18c with TBHN (2d, 2 mol%) was measured by 1H NMR spectroscopy 

at 80 °C and is shown in  Figure 71a. The time-conversion plot shows the fast reduction of 

xanthate 18c (t1/2 = 445 s) with only 2 mol% initiator. 
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Figure 71: Radical reactions of xanthate 18c with (a) TBHN (2d) and (b) AIBN (2a) as 

initiators. (c) Time-conversion plot for reaction (a). 

 

2.5.1.2. Variations of DMAP borane (17q) as hydrogen atom donor 

As the DMAP borane (17q) had turned out to be a good reducing agent for xanthate 18c, the 

question came up, how atom efficient the borane species would be. Therefore the amount of 

borane 17q was successively reduced (Figure 72a). It is obvious, that more than one 

hydrogen atom is transferred in this reaction. The diagram in Figure 72b shows the 

measured values compared with an idealized 1 : 1 reduction curve. The slope of the line 

reflects the number of hydrogen atoms transferred by DMAP borane (17q). However, the 

intercept of the measured line can be discussed. As only three data points are available, it is 

not clear how the curve progression below 0.33 equivalents would look like. For a rough 

estimation the origin (0 eq. = 0 % conversion) as a fourth data point was also taken into 

account (blue dotted line). In summary it can be stated, that DMAP borane (17q) delivers 
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between 1.29 and 1.52 hydrogen atoms in this reaction.  For a more exact statement, further 

data points would be necessary. 

  

Figure 72: (a) Reduction of xanthate 18c with different amounts of DMAP borane (17q).    

(b) Comparison of the measured values with an idealized 1 : 1 reduction curve. 

 

2.5.2. NMR studies 

The reason for this non-stoichiometric transfer of hydrogen atoms becomes more evident 

when looking at the reaction in more detail. Precipitation of an off-white solid during the 

reaction may lead to this incompleted hydrogen atom transfer. Figure 73 shows the 11B NMR 

measurements after the reaction with 0.33 eq. DMAP borane (17q). The triplet (ī6.97 ppm) 

indicates the major borane species 29i, formed during the reduction. The minor borane 

species 29h shows a doublet (ī2.01 ppm) in the 11B NMR measurement. The solubility of 

both compounds in toluene is rather low, as indicated by the noisy baseline in the 11B NMR 

measurement. Thus, the reason why the second hydrogen atom is not completely transferred 

during the radical reaction can be attributed to the poor solubility of the borane species 29i. A 

third hypothetic borane complex with three substituted hydrogens was not detected. 
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Figure 73: 11B NMR measurement of the two borane species 29h and 29i, formed during the 

reduction of xanthate 18c with DMAP borane (17q, 0.33 eq.) in toluene-d8. 

 

2.5.3. Independent control experiments 

In order to exclude eventual side reactions, which could influence the radical reaction, a set 

of control experiments was performed (Figure 74). A reaction of DMAP borane (17q) in 

excess and xanthate 18c at 80 °C was not observed (Figure 74a). As xanthates usually 

undergo pyrolysis at higher temperatures, the reaction temperature was increased to 120 °C 

and the xanthate exposed to this temperature in the microwave cavity (closed vessel) for 

30 minutes (Figure 74b). As no reaction did take place, a pyrolysis reaction at 80 °C could 

also be excluded. Finally, a reaction of xanthate 18c and the radical initiator TBHN (2d) was 

also not observed at 80 °C (Figure 74c). 

 

Figure 74: Control reactions for the reduction of xanthate 18c with DMAP borane (17q). 
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Furthermore, as an independent proof for the existence of the boryl species 29h, a closely 

similar compound was designed (Figure 75a). Therefore boryl iodide 29c was generated 

from DMAP borane (17q) and iodine in CDCl3 solution. Afterwards sodium ethyl xanthate 

(21d) was added in excess to the solution and stirred for 15 minutes. After removal of salts, 

the desired borane 29j was precipitated with isohexane (73 %). The 11B NMR measurements 

are shown in Figure 75b. The triplet at ī6.87 ppm provides strong support for the assignment 

of 29i formed during the radical reaction (with ŭ(11B) = ī6.97 ppm). 

 

 

 

Figure 75: (a) Synthesis of borane 29j. (b) 11B NMR measurement of 29j in CDCl3. 

 

2.5.4. Mechanism for the radical reduction of xanthate 18c with DMAP borane (17q) 

and TBHN (2d) 

With these results in hand a mechanism for the reduction of xanthate 18c can be proposed 

(Figure 76). With respect to the initiation, the formation of an oxygen-centered radical (from 

TBHN (2d)) is of major importance. This radical reacts with DMAP borane (17q) and leads to 

the boryl radical 29k. Acetone (25a) and methane as minor side products from the decay of 

the starter could also be detected in the 1H NMR measurements. However, there is one main 

difference in the reduction of xanthate 18c compared to 1-iodododecane (18d). The 

recombination of two tert-butoxy radicals leads to di-tert-butyl peroxide (2c). In the case of 

the reduction of 1-iodododecane (18d) the formation of the peroxide is not observed, thus 

meaning, that DMAP borane (17q) reacts with the peroxide as shown in Figure 40 (page 34). 

This is not the case for the reduction of xanthate 18c. Here, the formation of di-tert-butyl 

peroxide (2c) is observed. The most plausible explanation for this is that boryl radical 29k 

-11-9-7-5-3-11
ppm 
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reacts faster with xanthate 18c than with the peroxide species 2c. The formation of borane 

29g is not detected by 11B NMR spectroscopy in this case, whereas it was found for the 

reduction of 1-iodododecane (18d). This shows, that a reaction of boryl radical 29k with 

TBHN (2d) as well as a recombination of 29k and a tert-butoxy radical is very unlikely. Thus, 

ionic side reactions are avoided and the main processes are two radical chain reactions, 

which lead effectively to the desired product dodecane (16a). The reaction of 29k with 

xanthate 18c is the first step of chain 1. The so formed boryl radical 29l collapses in the 

following step into a dodecyl radical and the borane complex 29i (which was detected by 
11B NMR measurements). The same steps can now be repeated for the newly formed 

complex 29i (H abstraction, followed by reaction with xanthate 18c), which leads again to a 

dodecyl radical and borane complex 29h in chain 2. Finally, a hydrogen atom is transferred 

to the dodecyl radical by DMAP borane (17q), which leads to the final product dodecane 

(16a) regenerating the boryl radical 29k. As there are much less side reactions (as compared 

to 1-iodododecane (18d)) and two possible chain reactions which both regenerate boryl 

radical 29k, the reduction of xanthate 18c works much more efficiently than the reduction of 

1-iodododecane (18d). For the xanthate not even a thiol as catalyst is necessary. As both 

borane complexes (29h and 29i) are precipitating during the reaction, this is the reason, why 

the second H atom is not completely transferred in this reaction. This precipitation might also 

be the reason, why the transfer of all three hydrogen atoms was not found. 
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Figure 76: Proposed mechanism for the TBHN (2d)-initiated radical reduction of xanthate 

18c with DMAP borane (17q). 

 

2.5.5. Reduction of xanthate 18b 

As the reduction of xanthate 18c had shown the formation of dodecane (16a), the 

expectation for the reduction of xanthate 18b is the formation of ethane (16e), when 

systematically reducing the oxygen-attached moiety of the xanthate (Figure 77a). The 

formation of ethane (16e) was proven by 1H NMR measurement (Figure 77b). 
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Figure 77: (a) Reduction of xanthate 18b. (b) Section of the 1H NMR spectrum taken during 

the reduction of 18b in toluene-d8. 

 

2.5.5.1. Differences in the reduction of xanthate 18b 

However, when analyzing the reaction mixture by GC/MS, also the formation of dodecane 

(16a) became apparent. This finding shows that for xanthate 18b not only the oxygen side of 

the xanthate is reduced during the radical reaction, but also the sulfur attached moiety. 

Furthermore, the X-ray structure shown in Figure 78a was obtained from the radical reaction 

of xanthate 18b. The bispyridyl species 29n was obtained by crystallizing the compound from 

the crude reaction mixture in toluene. This bispyridyl borane is structurally similar to the 

bispyridyl borane 25i, formed during the radical reduction of 1-iodododecane (18d). The 

formation of this compound suggests that free DMAP (27) must also be involved at some 

stage of the radical reaction. A very probable formation of bispyridyl species 29n (similar to 

bispyridyl borane 25i) is shown in Figure 78b. 
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Figure 78: (a) X-ray structure of bispyridyl borane 29n. (b) Tentative mechanism for the 

formation of 29n. 

 

As in the radical reduction of 1-iodododecane (18d), the decomplexation of the final borane 

species from the base may lead to free DMAP (27, Figure 79a). Hence, in the case of 

xanthate reduction another mechanism may be discussed (Figure 79b).  

 

Figure 79: (a) Formation of DMAP (27) by decomplexation. (b) Formation of DMAP (27) from 

borane 29j at 80 °C. 

 

2.5.5.2. 13C NMR study 

The degradation of borane complex 29j at 80 °C was monitored by 13C NMR measurements. 

A section of the 13C NMR of borane 29j is shown in Figure 80 (spectrum 1). Due to the poor 

solubility of the compound in toluene, the background noise is rather significant. In the middle 

of Figure 80, reference NMR spectrum of CS2 (spectrum 2) and DMAP (27, spectrum 3) in 

toluene-d8 are shown. Spectrum 4 of Figure 80 shows the 13C NMR measurement after the 
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exposition of borane complex 29j to 80 °C for 30 minutes. The formation of CS2 and DMAP 

(27) as well as the disappearance of 29j can be observed (Figure 79b). 

 

Figure 80: 13C NMR measurements in toluene-d8. Reference spectrum of borane 29j 

(spectrum 1), CS2 (spectrum 2), DMAP (27, spectrum 3) and borane complex 29j after 

30 minutes at 80 °C (spectrum 4). 

 

2.5.5.3. Reaction of DMAP borane (17q) with carbon disulfide 

However, during the radical reduction of xanthate 18b with DMAP borane (17q), CS2 was not 

observed spectroscopically. Subsequently there must be a process which consumes the 

carbon disulfide. Therefore, the reaction of DMAP borane (17q) with CS2 in toluene-d8 at 

80 °C was monitored by 11B and 1H NMR (Figure 81). The 11B NMR measurement shows a 

triplet (ī6.82 ppm, J = 116.4 Hz) which can be assigned to the borane species 29o (Figure 

81b). To prove the formation of this compound 1H MNR measurements were also taken into 

account as shown in Figure 81c. Thus, the formation of borane species 29o can be proven 

by the appearance of a sharp singlet at 12.12 ppm, in accordance with a sulfur analogue of 

formate.  
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Figure 81: (a) Reaction of DMAP borane (17q) with CS2 at 80 °C. (b) 11B NMR measurement 

of the reaction in toluene-d8 at 80 °C after 4 minutes. (c) 1H NMR measurement of the 

reaction in toluene-d8 at 80 °C after 1 minute. 

 

2.5.5.4. GC/MS analysis 

For further investigations of the reduction of xanthate 18b, the radical reaction was repeated. 

After the reaction had cooled down to room temperature, pentane was added in order to 

precipitate all borane species as well as free DMAP (27). The absence of borane species 

was proven by 11B NMR. This clear pentane solution was used for GC/MS analysis (Figure 

82). (To make sure, that xanthate 18b would not decompose during the GC/MS analysis, the 

pure starting material was also checked and no traces of decomposition were found.) The 

main product of the reaction is dodecane (16a). Ethane (16e), which is also formed, is not 

detectable by GC/MS. Besides a large signal from the starting material 18b, there are minor 

side products. How these side products are formed will be discussed in the following 

paragraph. 

 

 

 

56789101112
ppm 

-35-30-25-20-15-10-505101520
ppm 



2. Radical reactions 

72 
 

 

 

Figure 82: GC/MS analysis of the radical reduction of xanthate 18b. 

 

Xanthate 18b generates a comparatively broad signal in the GC/MS spectrum. Therefore the 

sample was successively diluted with pentane and reanalyzed by GC/MS analysis. At 

approximately 50-fold dilution, the broad signal of the starting material splits up into two 

separate signals with a difference in the retention time of only 5 seconds (Figure 83a). When 

looking at the fragmentation patterns of the two compounds, it becomes clear that both are 

very similar (Figure 83b and c). The MS fragmentation pattern of xanthate 18b (Figure 83b) 

was compared with the pure starting material before the reaction and is identical. The only 

meaningful explanation for the second structure is the exchange of an oxygen atom and a 

sulfur atom, leading to the carbodithioate 33f. 

 

 



2. Radical reactions 

73 
 

 

 

 

 

 

 

 

 

 

Figure 83: (a) Section of a GC after the radical reaction with xanthate 18b. Possible MS 

fragmentation pattern of the signal at (b) 9.34 min and (c) 9.38 min. 
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2.5.5.5. Mechanism for the formation of carbodithioate 33f 

The formation of carbodithioate 33f during the radical reaction is explained in Figure 87. The 

attack of an ethyl radical at the sulfur of xanthate 18b leads to a new radical (33g). This may 

now collapse to release an ethyl radical as well as the carbodithioate 33f. Further side 

products can be explained by the reaction of xanthate 18b with a dodecyl or an ethyl radical, 

which leads to the radicals 33ha and 33hb. Subsequently both compounds can form either a 

thiyl radical or an oxygen-centered radical under the release of 33hc, 33hd, 33c and 33e. 

Due to recombination reactions thioether 33b and the ether 33d are formed, whereas a thiyl 

radical can trap a hydrogen atom to form 1-dodecanethiol (33a). This result explains 

impressively, why no external catalyst (like TDT (15b)) is necessary for the xanthate 

reduction. Here the system creates its own catalyst.  

 

Figure 84: Formation of carbodithioate 33f and side reactions. 
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2.5.5.6. Reduction of xanthate 18e - A comparison 

In order to make a more quantitative statement of the reaction, a new xanthate was 

synthesized, as ethane (16e) is too volatile to be detected (Figure 85). Therefore, 1-decanol 

(21g) was first deprotonated with nBuLi. After addition of CS2 and 1-iodododecane (18d), 

xanthate 18e was purified by column chromatography and yielded 55 % of a yellow oil. 

 

Figure 85: Synthesis of xanthate 18e. 

 

Subsequently, the radical reduction was repeated with xanthate 18e and the reaction 

outcome was analyzed by GC/MS. To get a better overview of how side reactions would take 

place, the reaction was done with 0.75 and 0.50 eq. of DMAP borane (17q). The reactions 

with possible products are shown in Figure 86. The results for the reactions are summarized 

in Table 9. As each xanthate (18e) molecule can be reduced either at the oxygen side or at 

the sulfur side, the yields correspond to a full equivalent on each side. When looking at 

reaction 1 (0.75 eq. DMAP borane (17q)), a full conversion of xanthate 18e is observed. 

Dodecane (16a) is with 75 % the main product, whereas decane (30c) is only formed in 15 % 

yield. However, as shown before, there is a side reaction leading to 25 % of 1-dodecanethiol 

(33a), which can catalyze the reaction. All other products are only formed in traces. In 

reaction 2 (0.5 eq. DMAP borane (17q)) no full conversion is achieved. The exact amount of 

remaining xanthate 18e and the carbodithioate 34a cannot be determined as there is no 

signal separation due to their structural similarity. The yield of dodecane (16a) drops down to 

54 %, decane (30c) to 11 %. Hence, the yield of 1-dodecanethiol (33a, 27 %) is even slightly 

higher as before, which is also the case for thioether 34c (2 %). This result indicates that the 

radical reaction is still running once the H atom donor (DMAP borane (17q)) is consumed, 

leading to different side products. Furthermore, the product distribution of 16a : 30c (reaction 

1 = 5.00; reaction 2 = 4.91) shows, that the formation of dodecane (16a), which is the sulfur 

side product, is roughly 5 times larger in both cases. 
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Figure 86: Radical reduction of xanthate 18e and possible products. 

 

Table 9: Results for the reactions shown in Figure 86. 

 decane 

(30c) 

dodecane 

(16a) 

Ratio   

16a : 30c 

33a 34c 34d, 

34e 34f 

18e+34a 

Reaction 1 15 % 75 % 5.00 25 % traces traces none 

Reaction 2 11 % 54 % 4.91 27 % 2 % traces 17 % 

 

  

2.5.5.7. Mechanism for the reduction of xanthate 18b 

Finally, a plausible reaction mechanism is shown in Figure 87. Similar to the reduction of 

1-iodododecane (18d), the formation of the boryl radical 29k from an oxygen-centered 

radical is essential. This can now react with the xanthate 18b to form the new radical 29p. 

There are two main steps, which lead either to a cleavage on the oxygen side or a cleavage 

on the sulfur side of the xanthate. Thus (in the shown case) an ethyl radical and a dodecyl 

radical are formed. Considering main step 2, the ethyl radical can now trap a hydrogen atom 

to form ethane (16e). (This is shown simplified in Figure 87.) However, the ethyl radical may 

also attack at the sulfur of the xanthate, leading to radical 33g. This reaction seems to 

happen mainly when an insufficient amount of the H atom donor (DMAP borane (17q)) is 

present. The reaction of xanthate 18b with either an ethyl radical or a dodecyl radical can 

also lead to 33ha and 33hb, which subsequently leads to 33a, 33b, 33c, 33d and 33e. This 

process is also shown simplified here. (For more detailed information compare Figure 84.) 

The so formed thiol 33a is involved in the H atom transfer from DMAP borane (17q) as 

catalyst. When looking at main step 1, the dodecyl radical can also catch a H atom (either 

catalyzed by a thiol or by direct transfer), which leads to dodecane (16a). Borane complex 

29j decomposes at 80 °C to CS2 and in following steps to DMAP (27) and the final borates. 

The formed carbon disulfide however can react with DMAP borane (17q) to form the borane 

species 29o. The free base DMAP (27) will also react with the borane species 29j, which 

leads to the bispyridyl borane 29n. Yet, borane 29j can also act as a hydrogen atom donor. 
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By reaction of the resulting boryl radical 29q with the xanthate, borane species 29r is formed. 

The transfer of a third hydrogen atom was not observed.  

 

Figure 87: Reaction mechanism for the TBHN (2d)-initiated radical reduction of xanthate 

18b with DMAP borane (17q). 
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It seems obvious, that the structure of the xanthate has a big influence on the product 

distribution of the reduction. Xanthates, which have methyl groups attached to the sulfur, 

seem to form exclusively the ñoxygen sideò product, which was shown for xanthate 18c which 

leads to a full conversion into dodecane (16a). The formation of methane could also be 

discussed in this case, as traces of methane were found in the 1H NMR spectra. However, it 

seems more likely that these traces of methane are formed by the cleavage reaction of 

tert-butoxy radicals (which come from TBHN (2d)), as acetone could also be detected. Yet, 

the full conversion into dodecane (16a) could be proven by the use of an internal NMR 

standard (TMB (22)). For xanthates bearing a longer alkyl chain at the sulfur, the reactivity 

changes. In the previous studies two xanthates with a dodecyl moiety attached to the sulfur 

were used. For both xanthates a large amount of dodecane (16a) was found and so favoring 

the ñsulfur sideò product. This behavior seems not to be influenced by the length of the alkyl 

group attached to the oxygen (here: an ethyl or a dodecyl group), as the formation of 

dodecane (16a) is the main product in both cases. An interesting question for future studies 

could be the correlation of chain length and reactivity of xanthates in radical reductions with 

DMAP borane (17q). 

 

2.5.6. Reduction of a secondary xanthate 

In order to prove the behavior of S-methylated xanthates, compound 18f was synthesized 

from 2-decanol (35a) under standard conditions for Barton-McCombie xanthates (Figure 

88a). After column chromatography xanthate 18f was obtained as a yellow oil (78 %). This 

compound was used for the radical reduction with DMAP borane (17q) and led to a 

quantitative yield of decane (30c) (Figure 88b). This result confirms the formation of the 

ñoxygen sideò product of S-methylated xanthates. Furthermore it shows, that the reduction of 

secondary xanthates is also possible under the used conditions. 

 

Figure 88: (a) Synthesis of xanthate 18f. (b) Radical reduction of xanthate 18f with DMAP 

borane (17q). 
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2.5.7. Reduction of a tertiary xanthate 

For a systematic completion, a tertiary xanthate was also taken into account. Therefore, 

adamantyl xanthate 18g was synthesized (Figure 89a) from 1-adamantanol (35b). However, 

when trying to convert the tertiary xanthate 18g to adamantane (7b) in a radical reaction with 

DMAP borane (17q), only traces of the desired product were found (Figure 89b). Hence, a 

radical reduction with DMAP borane (17q) seems to be limited to primary and secondary 

xanthates. 

 

Figure 89: (a) Synthesis of xanthate 18g. (b) Attempt of a radical reduction of xanthate 18g 

with DMAP borane (17q). 

 

2.5.8. Reduction of a benzylic xanthate 

As the reaction with primary xanthates has shown quite fast reactions and good yields, the 

question came up, how reactive a benzylic xanthate would be under the tested conditions. 

Thus, xanthate 18h was synthesized from naphthylmethanol (Figure 90) and isolated as 

viscous yellow oil (26 %) after column chromatography. 

 

Figure 90: Synthesis of xanthate 18h. 

 

The reduction of xanthate 18h was conducted under the same conditions as before and 

yielded 10 % 1-methylnaphthalene (35d, Figure 91a). Further side products were not 

present. The 11B NMR measurements after the reaction (Figure 91b) show that only one 

hydrogen atom was transferred from DMAP borane (17q). 


















































































































































































































































































































































































































