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Abstract  

This thesis is focused on the development of new palladium and copper- 

mediated reactions for functionalization of alkenes and propargylic alcohol 

derivatives. The synthetic utility of the 1,2-diborylated butadienes synthe-

sized in one of these processes has also been demonstrated. 

We have developed an efficient procedure for the synthesis of allenyl 

boronates from propargylic carbonates and acetates. This was achieved by 

using a bimetallic system of palladium and copper or silver as co-catalyst. 

The reactions were performed under mild conditions for the synthesis of a 

variety of allenyl boronates. Furthermore, the synthesis of 1,2-diborylated 

butadienes was achieved with high diastereoselectivity from propargylic 

epoxides. The reactivity of the 1,2-diborylated butadienes with aldehydes 

was studied. It was found that the initial allylboration reaction proceeds via 

an allenylboronate intermediate. The allenylboronate reacts readily with an 

additional aldehyde to construct 2-ethynylbutane-1,4-diols with moderate to 

high diastereoselectivity. 

We have also studied the copper-mediated trifluoromethylation of propar-

gylic halides and trifluoroacetates. It was also shown that a transfer of chiral-

ity occurred when an enantioenriched starting material was used. 

In the last part of the thesis, we have described a method for palladium-

catalyzed functionalization of allylic C-H bonds for the selective synthesis 

of allylic silanes. The protocol only works under highly oxidative conditions 

which suggest a mechanism involving high oxidation state palladium inter-

mediates. 
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Abbreviations  

Abbreviations and acronyms are used in agreement with standards of the 

subject.À Only nonstandard and unconventional ones that appear in the thesis 

are listed here. 

 

BQ   1,4-benzoquinone 

bpy   2,2ô-bipyridine 

CMD  concerted metallation-deprotonation 

DABCO  1,4-diazabicyclo[2.2.2]octane 

dba   dibenzylideneacetone 

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene 

DPEPhos  bis(2-diphenylphosphinophenyl)ether 

dppb  1,4-bis(diphenylphosphino)butane 

dr   diastereomeric ratio 

HSQC  heteronuclear single quantum correlation 

IPr   1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 

L.A.  Lewis acid 

LG   leaving group 

M.S.  molecular sieves 

Nu   nucleophile 

Piv   pivaloyl 

pin   pinacolato 

PTS  polyoxyethanyl Ŭ-tocophery sebacate 

TEMPO  2,2,6,6-tetramethyl-1-piperidinyloxy 

Tf   trifluoromethanesulfonyl 
TRIP  3,3ǋ-bis(2,4,6-triisopropylphenyl)-1,1ǋ-bi-2-naphthol  

cyclic monophosphate 

TS   transition state 

rt   room temperature 

X
-
   anionic ligand 

                                                      

 

 

 

 
À The ACS Style Guide; 3rd ed.; Oxford University Press: New York, 2006. 
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1. Introduct ion  

Transition-metal catalysis is one of the most important tools in modern 

organic synthesis.
1
 Transition metal-catalyzed reactions have been widely 

utilized for a range of transformations, such as, cross-coupling,
2
 substitution

3
 

and C-H functionalization reactions.
4
 

1.1 Transition metal-catalyzed allylic substitution 

One of the most utilized and studied reactions are transition metal-

catalyzed substitution of allylic compounds.
1b, 5

 The most well-known is the 

Tsuji-Trost reaction,
6
 where palladium is used to catalyze the reaction (Fig-

ure 1).
5a, 7

 

 
 

Figure 1. General mechanism of the palladium-catalyzed Tsuji-Trost reaction 

These reactions generally start with an oxidative addition of a pre-

functionalized allylic substrate to Pd
0
 which forms a cationic ɖ

3
-allyl Pd

II
-

complex. The oxidative addition of allylic substrates to Pd
0
 commonly oc-

curs with inversion of stereochemistry.
7c, 7d, 8

 However, it has been shown 

that syn addition is also possible using appropriate ligands and solvents.
7e, 8-9

 

The resulting cationic ɖ
3
-allyl palladium-complex then undergoes a nucleo-

philic attack. The overall stereochemistry of the reaction is also affected by 

the type of nucleophile used. Stabilized or so-called ñsoftò nucleophiles at-

tack the carbon center directly and thus yields a net retention of the configu-
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ration with regards to the leaving group.
7c, 7d, 10

 On the other hand, non-

stabilized or ñhardò nucleophiles attack the metal-center. After a reductive 

elimination, the reaction results in a net inversion of the configuration with 

regard to the leaving group.
7c, 7d, 11

 Depending on the reaction conditions, the 

regioselectivity of the nucleophilic attack can differ to give substitution at 

the least or most substituted position.
3a, 7b, 7d, 12

 

1.2 Transition metal-catalyzed propargylic substitution 

Similar to the allylic substitution, the substitution of a leaving group on a 

propargylic substrate can either occur at the Ŭ- or ɔ-positions (Scheme 1). 

Depending on the regioselectivity of the displacement, the outcome can ei-

ther yield the propadienyl (allene) or acetylene (propargyl) metal intermedi-

ates.
13

 After transmetalation and subsequent reductive elimination, the reac-

tion yields the corresponding allene or propargylic product. This is in con-

trast to the allylic substitution, which only affords different alkenes (Figure 

1). In many transition metal-catalyzed propargylic substitution reactions, 

high levels of selectivity can be achieved for the synthesis of propargylic or 

allenylic structures.
3b, 12, 13b, 13c, 14

 

 
 

Scheme 1. Possible reaction pathways for metal-mediated propargylic substitution 

reactions 

The allene moiety is built up by orthogonal, cumulative ˊ-systems which 

gives it a unique reactivity compared to alkenes and alkynes.
15

 Unlike substi-

tuted alkenes, allenes may possess axial chirality, which gives a new dimen-

sion to their synthetic utility .
16

 In recent years, allenes have become useful 

and important intermediates in organic synthesis.17 Novel reactions have 

been developed where allenes are used as precursors.
18

 Allenes has also been 

shown to be able to transfer chirality to the newly formed stereocenters.
16b, 

17b, 19
 The allene structural motifs have also been discovered in many natural 

products and started to attract an increased attention in pharmaceutical re-

search.
14b, 17b
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1.3 Reactions of allyl and allenyl boronates with aldehydes 

The stereoselective allylation and propargylation of carbonyl compounds 

are important transformations in modern organic synthesis.
20

 The allylation 

of aldehydes can be performed with allylsilanes and allylboronates affording 

homoallylic alcohols in high diastereoselectivity.
21

 Similarly, the addition of 

allenyl boronates to aldehydes provides the synthesis of homopropargylic 

alcohol.
21d, 22

 

The high diastereoselectivity of the allylboration reaction is attributed to 

an internal Lewis acid activation of the aldehyde by the empty p-orbital of 

boron. The addition proceeds via a six-membered (Zimmerman-Traxler 

type) transition state (Scheme 2a).
23

 Compared to allylboration, allenylbora-

tion usually proceeds with lower diastereoselectivity (Scheme 2c).
21d, 23a

 In 

contrast, the addition of allylic silanes and allylic stannanes to aldehydes 

requires activation from an external Lewis acid and proceeds via an ñopenò 

transition state (Scheme 2b).
12b, 20, 23a, 24

 

 
 

Scheme 2. (a) Allylboration of aldehydes via Zimmerman-Traxler TS (b) Type II 

allylation mechanism via an open TS. (c) Allylboration of aldehydes, synthesis of 

homopropargylic alcohols 

The addition of Lewis or Brønsted acids may accelerate the allylation and 

allenylation of aldehydes.
21b, 21d, 23a

 It has been proposed that the Lewis acid 

interacts with the lone pair of the boronate oxygen which renders the boron 

atom more electron deficient and thus more reactive (Figure 2).
21c, 21d, 23a, 25

 A 

similar mode of activation has been proposed for chiral Brønsted acids 

which have been shown to give rise to high levels of enantioselectivity in the 

allylation and propargylation of aldehydes.
21b, 22a, 23a, 26
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Figure 2. Possible modes of Lewis acid activation for the allylation of aldehydes  

1.4 Trifluoromethylation of organic compounds 

During recent years several new methods for fluorination (C-F) and tri-

fluoromethylation (C-CF3) reactions have been developed.
27

  This is mainly 

due to the unique properties of the fluorine atom. The introduction of fluo-

rine into organic compounds can make them more lipophilic and metaboli-

cally stable.
28

 Fluorinated compounds can also show increased affinity to 

proteins, most likely due to increased polar interactions.
28a, 28b, 29

 The incor-

poration of fluorine into drug candidates can therefore be highly desirable 

and is demonstrated by the fact that about 20% of all pharmaceuticals con-

tains fluorine, e.g. Efavirenz, Fluoxetine and Celecoxib shown in Figure 3.
27f

 

 

 

Figure 3. Examples of pharmaceuticals including a trifluoromethyl group 

1.5 Objectives of the thesis 

This thesis is mainly centered on the development of novel and efficient 

methods for the synthesis of functionalized alkenes and allenes, based on 

copper- and palladium-mediated reactions. The focus has been on develop-

ing new methods for forming C-B and C-Si bonds, as well as investigating 

the possibility of introducing trifluoromethyl groups by metal-mediated pro-

pargylic substitution. We also aimed to study the synthetic utility of the new-

ly prepared 1,2-diborylated butadienes via sequential addition to aldehydes. 
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2.  Borylation of propargylic alcohol 

derivatives (Paper I)  

The Szabó group has previously developed efficient methods for palladi-

um pincer complex-catalyzed stannylation and silylation of propargylic al-

cohol derivatives (Scheme 3a).
30

 When propargylic epoxides were used, the 

opening of the epoxides resulted in stannylated homoallenylic alcohols 

(Scheme 3b).
30b

 

 

Scheme 3. Palladium pincer-catalyzed synthesis of allenylic and propargylic 

silanes/stannanes 

Furthermore, the group has developed efficient protocols for palladium-

catalyzed borylation of allylic alcohols (Scheme 4).
31

 An analogous metal-

catalyzed borylation of propargylic alcohols and their derivatives (similarly 

to the Pd-catalyzed stannylation, Scheme 3a) was attempted, but these ef-

forts remained unsuccessful. However, considering the more recent devel-

oped protocols
31c

 and mechanistic investigation
11c

 by the Szabó group, it was 

appealing to resume the studies for finding new methodologies for boryla-

tion of propargyl alcohol derivatives. 
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Scheme 4. Various methods for the formation of allylic boronates and boronic acids 

The group of Sawamura and Ito have presented a novel and useful proce-

dure for the synthesis of allenyl boronates (3) from propargylic carbonates 

(2) using a catalytic system of CuOtBu and Xantphos (Scheme 5).
22b

 The 

authors were able to selectively synthesize various allenyl boronates (3) via a 

formal SN2ǋ-type displacement. This procedure was shown to be highly ste-

reoselective yielding a chiral allenyl boronate with high enantiomeric purity 

from an enantiomerically enriched propargylic carbonate. 

 
 

Scheme 5. Synthesis of allenyl boronates using CuOtBu and Xantphos 

The reaction requires the use of CuOtBu which is air-sensitive and unsta-

ble. Therefore, sublimation of CuOtBu is required to ensure reproducibility 

of the catalytic reaction. The above protocol
22b

 (Scheme 5) is ineffective for 

borylation of terminal alkynes (when R
1
 = H). This is most likely due to the 

basicity of the reaction which may lead to formation of metal-acetylide in-

termediates. We therefore sought to develop an alternative methodology for 

the synthesis of allenyl boronates, to circumvent the use of a basic and air-

sensitive catalyst such as CuOtBu. 
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φȢυ -ÅÔÈÏÄ ÄÅÖÅÌÏÐÍÅÎÔ ÆÏÒ ÓÙÎÔÈÅÓÉÓ ÏÆ ɻȟɾ-substituted 
allenyl boronates 

The initial experiments were focused on the development of palladium-

catalyzed borylation of propargylic alcohols using the previously developed 

reaction conditions with allylic alcohols (Scheme 4).
31

 

The initial screening revealed that the previous methods suitable for 

borylation of allylic alcohols
31

 (Table 1, cf. entries 1-6 and Scheme 4) did 

not afford the desired allenyl boronate 3a. Instead, a mixture of the unreact-

ed starting material 4a (entries 1 and 3) as well as side products from the 

corresponding elimination (5a) and Meyer-Schuster rearrangement (6a) were 

obtained (entries 2 and 4-6). The formation of 5a and 6a are probably facili-

tated by the Lewis and Brønsted acids. However, without the Lewis acidic 

ligands the reaction does not proceed under the applied reaction conditions 

(entries 7-8).  

 

Table 1. Selected experiments with propargylic alcohols
[a]

 

 

Entry  Pdcat (1) 
Temp 
(°C) 

Solvent 
Yield 5a 
and 6a[b] 

1 Pd(BF4)2(MeCN)4 50 DMSO-d6:MeOD-d4 (1:1) n/r 

2 

 

50 DMSO-d6:MeOD-d4 (1:1) 
5a: 22%  
6a: 25% 

3 

 

22 DMSO-d6:MeOD-d4 (1:1) n/r 

4 
Pd2(dba)3

[c]
  

+ 2 equiv. BF3·OEt2 
50 DMSO-d6:MeOD-d4 (1:1) 6a: 65% 

5 H2PdCl4 in H2O 50 DMSO-d6 
5a: 55%  
6a: 40% 

6 H2PdCl4 in H2O 50 MeOD-d4
 

6a: 75% 

7 Pd(PPh3)4 50 MeOD-d4 n/r 

8 Pd2(dba)3
[c]

 50 MeOD-d4 n/r 

[a]Reaction conditions: 4a (0.100 mmol), Pdcat (1) (0.010 mmol), B2pin2 (0.120 mmol), solvent 

(0.4 mL) were weighed inside an Ar-filled glovebox and then taken out and stirred at the 

indicated temperature for 16 h [b]Isolated yields, n/r = no reaction [c]5 mol% Pd2(dba)3 was 

used 
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We sought to improve our methodology by using a propargylic alcohol 

derivative that may be more reactive, and trying to find a way to activate the 

B2pin2. Using carbonate 2a and 5 mol% Pd2(dba)3, enyne 5a was obtained 

(cf. Table 1, entry 8 and Table 2, entry 1). We hypothesized that the for-

mation of 5a occurred due to ɓ-hydride elimination of the organopalladium 

intermediate which is formed. This could be a consequence of a slow 

transmetalation of B2pin2. 

We examined different possibilities to accelerate the transmetalation of 

B2pin2 to Pd. It was proposed that Cu-complexes readily react with B2pin2 

via ů-bond metathesis to form CuBpin.
32

 We decided to use IPr-CuOtBu, an 

air-stable analog of CuOtBu.
33

 However, the reaction with IPr-CuOtBu was 

ineffective (Table 2, entry 2). Using the protocol by Ito, Sawamura and co-

workers (Scheme 5), allenyl boronate 3a could be isolated in 65% yield.
22b

 

We also carried out the reaction using an IPr-CuOtBu and Pd2(dba)3 bimetal-

lic catalyst system (entry 4). Although applying these conditions resulted in 

the formation of side products from elimination and rearrangement, we were 

able to isolate the allenyl boronate 3a in 16% yield. Subsequently, we found 

that replacing IPr-CuOtBu with CuI suppressed the formation of side prod-

ucts 5a and 6a and product 3a could be isolated in 55% yield (entry 5). 

 Table 2. Selected experiments with propargylic carbonates
[a]

 

 

 

[a]Reaction conditions: propargylic alcohol (0.100 mmol), Mcat (0.010 mmol), B2pin2 (0. 200 

mmol), solvent (0.4 mL) were weighed inside an Ar-filled glovebox and then taken out and 

stirred at 50 °C for 16 h [b]Isolated yields, n/r = no reaction, [c]5 mol% Pd2(dba)3 was used 
[d]Reaction conditions reported by Sawamura and Ito22b 

As a model reaction for the optimization of the experimental conditions 

we chose the borylation of a secondary propargylic carbonate 2b and its 

analogs (Table 3). A practical advantage of using this substrate is that prod-

uct 3b and the byproducts give characteristic peaks in the 
1
H NMR spectrum 

Entry  M cat Solvent Yield[b]  

1 Pd2(dba)3 MeOD-d4 5a: 45% 

2 IPr-CuOtBu THF n/r 

3
[d]  CuOtBu +10 mol% 

Xantphos 
THF 3a: 65% 

4 
IPr-CuOtBu + 
Pd2(dba)3

 [c]
 

THF 3a: 16% 5a: 40%, 6a: 32% 

5 CuI + Pd2(dba)3
 [c]

 THF 3a: 55% 5a: 20% 6a: 20% 
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allowing easy assessment of the reaction conditions. First the effects of vari-

ous leaving groups were studied. As shown in Table 3, the best results were 

obtained with carbonate as leaving group, as it gave high yields and also the 

highest conversion of the starting material (Table 3, entry 1). It was possible 

to obtain similar results using propargylic phosphate esters (entry 2) where 

the reaction gave a relatively high yield and high conversion. The side reac-

tion was the formation of enyne 5b from the elimination reaction. Further 

experiments were conducted to optimize the yield of the reaction with phos-

phate esters, but we were never able to fully suppress the formation of 5b. 

Neither the use of acetate (entry 3) or trifluoroacetate (entry 4) leaving 

groups was efficient as the desired allenyl product 3b was not obtained from 

the corresponding reactions.  

Table 3. Screening of various leaving groups
[a] 

 

Entry  Leaving Group Yield 3b (%) [b] 

1 -OCO2Me (2b) 55 (90) 

2 -OPO(OEt)2 43 (80) 

3 -OCOCH3 n/r 

4 -OCOCF3 n/r 

[a]Reaction conditions: propargylic alcohol derivative (0.100 mmol), Pd2(dba)3  (0.005 mmol), 

CuI (0.010 mmol), B2pin2 (0.200 mmol), THF (0.4 mL) were weighed inside an Ar-filled 

glovebox and then taken out and stirred at the indicated temperature for 16 h [b]Isolated yields, 

n/r = no reaction (in parenthesis, conversion of starting material determined by 1H NMR 

spectroscopy of the crude reaction mixture) 

Considering the above results, we decided to continue the method devel-

opment using propargylic carbonates (such as 2b) as it gave the highest con-

version rate and was selective in the formation of allenyl boronate.  

We have briefly studied the effects of different solvents on the reaction 

(Table 4). The highest conversion to the desired allenyl product 3b was ob-

served using THF (entry 1). The reaction in CDCl3 and C6D6 resulted only in  

formation of enyne 5b (entries 2 and 3), while the reaction in MeOD-d4 only 

resulted in the formation of 6b (entry 4). Although, using 1,2-

dimethoxyethane as solvent yielded the allenyl product 3b, a substantial 

amount of undesired products 5b and 6b was formed. Considering the above 

results, we concluded that THF was the best solvent for the borylation reac-

tion. 
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Table 4. Solvent screening
[a] 

 

Entry  Solvent Yield 3b (%) [b] 

1 THF 55
[c]

 (~90) 

2 CDCl3 <5 (~45) 

3 C6D6 15
[c]

 (~95) 

4 MeOD-d4 <5 (~95) 

5 1,2-dimethoxyethane 37
[c]

 (>95) 

[a]Reaction conditions: 2b (0.100 mmol), Pd2(dba)3  (0.005 mmol), CuI (0.010 mmol), B2pin2 

(0.200 mmol), solvent (0.4 mL) were weighed inside an Ar-filled glovebox and then taken out 

and stirred at 50 °C for 16 h [b]In parenthesis, conversion of starting material determined by 
1H NMR spectroscopy of the crude reaction mixture [c]Isolated yields 

Several metal catalysts were evaluated for their ability to promote the 

borylation of propargylic carbonates (Table 5). The best results were ob-

tained with Pd(PPh3)4 and CuI (Table 5, entry 2), where the combination of 

the two metal catalysts gave a high conversion and the formation of 5b and 

6b was suppressed.  

Table 5. Selected examples of metal catalysts screened
[a]

 

 

Entry  Pdcat M cat Yield (%) [b] 

1 Pd2(dba)3
[c]

 CuI 55 (90) 

2 Pd(PPh3)4 CuI 92 (>95) 

3 Pd(PPh3)4 Cu(BF4)(MeCN)4 38 (>95) 

4 Pd(PPh3)4 Ag2O 32 (>95) 

5 Pd(PPh3)4 - n/r 

6 - CuI n/r 

7 5 mol% Pd(PPh3)4 10 mol% CuI 40 (55) 

8 10 mol% Pd(PPh3)4 30 mol% CuI 74 (89) 

9 5 mol% (Pd(PPh3)4 5 mol% CuI 92 (>95) 

[a]Reaction conditions: 2b (0.100 mmol), Pdcat (0.010 mmol), Mcat (0.010 mmol), B2pin2 

(0.200 mmol), solvent (0.4 mL) were weighed inside an Ar-filled glovebox and then taken out 

and stirred at 50 °C for 16 h [b]Isolated yields, n/r = no reaction (In parenthesis, conversion of 

starting material determined by 1H NMR spectroscopy of the crude reaction mixture) 
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Furthermore, it was found that Ag2O could be used as a co-catalyst instead 

of a copper-species (entry 4). Without the Pd-source or the second metal 

additive (Table 5, entries 5 and 6) formation of 3b was not observed. Inter-

estingly, changing the Pd:Cu ratio from 1:1 to 1:2 (Table 5, entry 7) and 1:3 

(Table 5, entry 8) led to a decreased conversion of 2b. Further tuning of the 

reaction conditions involved decreasing the catalyst loading to 5 mol% for 

both Pd(PPh3)4 and CuI which did not decrease the conversion and yield of 

the reaction (entry 9). Further attempts to optimize the reaction conditions by 

lowering the temperature, reducing the reaction time, and decreasing the 

B2pin2 loading led to a drop in conversion of the starting material to product. 

Increasing the temperature above 50 °C increased the formation of enyne 5b.  

φȢφ 3ÙÎÔÈÅÓÉÓ ÏÆ ɻȟɾ-ÓÕÂÓÔÉÔÕÔÅÄ ÁÎÄ ɻ-substituted allenyl 
boronates 

After studying the reactivity of propargylic carbonate 2b under various 

conditions we decided to explore the scope of the reaction. Using the above 

described method we successfully synthesized various allenyl boronates 

from different propargylic carbonates (Table 6).  

A broad variety of allenyl boronates could be isolated from primary (Ta-

ble 6, entries 6, 7 and 10), secondary (entries 2-5 and 11) and tertiary pro-

pargylic carbonates (entries 1, 8 and 9). Compared to 2a and 2b the reactivi-

ty was decreased when 2c was used as substrate (entry 3). This could be due 

to the steric bulk at the Ŭ-position. Similarly, when 2j and 2k was used, the 

conversion to the desired allenyl boronate 3j was low (entries 10 and 11). 

Although the reaction gave full conversion to the desired allenyl boronate, 

the isolation via column chromatography had to be performed quickly; oth-

erwise decomposition of the product occurred. 
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Table 6. Palladium and copper-catalyzed borylation of propargylic carbonates
[a] 

 

Entry  Substrate Product Yield (%) [b] 

1 2a 

 

3a 

 

65 

2 2b 

 

3b 

 

92 

3 2c 

 

3c 

 

55 

4 2d 

 

3d 

 

76 

5 2e 

 

3e 

 

85 

6 2f 

 

3f 
 

56 

7 2g 

 

3g 

 

97 

8 2h 

 

3h 

 

88 

9 2i 

 

3i 

 

61 

10 2j 

 

3j 

 

14 

11 2k 

 

3k 

 

<5 

[a]Reaction conditions: propargylic carbonate 2 (0.300 mmol), Pd(PPh3)4 (0.015 mmol), CuI 

(0.015 mmol), B2pin2 (0.600 mmol), THF (1.2 mL) were weighed inside an Ar-filled 

glovebox and then taken out and stirred at 50 °C for 16 h [b]Isolated yields 
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φȢχ -ÅÔÈÏÄ ÄÅÖÅÌÏÐÍÅÎÔ ÆÏÒ ÓÙÎÔÈÅÓÉÓ ÏÆ ɾ-substituted 
allenyl boronates 

As mentioned above, copper-catalyzed borylation of terminal alkynes is 

difficult  due to the possible formation of metal-acetylide intermediates. 

Thus, we investigated alternative reaction conditions to include terminal 

alkynes as substrates for the borylation of propargylic carbonates. First the 

same reaction conditions for the borylation of propargylic carbonates 2a-j  

(Table 5, entry 9) were applied to terminal propargylic carbonate 2l (Scheme 

7). However, the 
1
H NMR spectrum of the crude mixture did not show any 

formation of allenyl boronate (3l). Instead formation of  compound 7 was 

observed, which arises from the competing homocoupling reaction.
34

 

 
 

Scheme 6. Initial attempt for Pd-catalyzed borylation of terminal alkynes 

We sought out ways to suppress the competing homocoupling reaction. 

Fairlamb and co-workers reported that propargylic carbonates, such as 2l 

readily give homocoupling product in the presence of a Cu-catalyst.
35

 In 

contrast, it was shown that the use of propargylic acetate analogs, such as 8a 

did not undergo the same homocoupling process. Accordingly, homocou-

pling product 7 was not formed when using propargylic acetate 8a as sub-

strate (Scheme 8). However, formation of the desired allenyl boronate 3m 

was not observed. 

 

 

Scheme 7. Attempts for borylation of propargylic acetates using our developed 

reaction conditions 

Crudden and co-workers reported that Ag2O facilitates the transmetalation 

of organoboronates.
36

 Furthermore, we have previously shown that 

Pd(PPh3)4 and Ag2O is able to catalyze the borylation of propargylic car-

bonates (Table 5, entry 4). Thus, we envisioned that using silver instead of 

copper as co-catalyst would prevent the formation of the metal-acetylide 

intermediate that is involved in the formation of the homocoupling product 

7. By replacing CuI with Ag2O and using acetate 8a as precursor we were 
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able to successfully suppress the formation of the homocoupling product and 

isolate the desired allenyl boronate 3m in 18% yield (Scheme 9). 

 

 

Scheme 8. Palladium and silver-catalyzed borylation of propargylic acetate 

To improve the yield of the desired product we screened different sol-

vents, temperatures and silver-sources. We found that replacing Ag2O with 

AgOAc or AgOPiv increased the selective formation of 3m. Next we inves-

tigated the role of the solvent. We found that using toluene suppressed the 

formation of side products more efficiently than the other screened solvents. 

Further tuning of the reaction parameters by decreasing the temperature and 

decreasing the amount of solvent reduced the formation of side products 

even more, and we were able to isolate the desired product 3m in 32% yield 

(Scheme 10). 

 

 

Scheme 9. Results from initial screening 

After the initial screening, the remaining major side product was identi-

fied as the protodeborylated compound 9 which is probably formed from the 

allenyl boronate 3m. Therefore we investigated the possibilities to suppress 

the formation of the protodeborylated product 9 (Table 7).  

We first directed our efforts to reduce the formation of protodeborylated 

product 9 by removal of potential proton sources, such as residual water. 

This was attempted by adding molecular sieves (Table 7, entry 2) and anhy-

drous MgSO4 (entry 3). However, the addition of molecular sieves or anhy-

drous MgSO4 decreased the yield of 3m without significantly suppressing 

the formation of 9 (Table 7, entries 2 and 3). We have also studied the ligand 

effects on the formation of protodeborylated product 9. Interestingly, addi-

tion of PPh3 reduced the conversion of 8a (entry 4). We therefore decided to 

investigate the effects of the phosphine ligand to palladium ratio (entries 5-

7). The highest conversion rate was obtained when using 20 mol% of PPh3, 

which also reduced the formation of 9 (entry 6). The ligand screening (en-

tries 8-13) indicated that using more electron-supplying (such as in entries 8 



15 

and 11) or more electron-withdrawing ligands than PPh3 (such as in entries 9 

and 10) gave lower yields. Using bidentate phosphine ligands (such as in 

entries 12 and 13) did not improve the yield of 3m either.  

Table 7. Further investigation of the reaction conditions to suppress the formation 
of the protodeborylated product

[a]
 

 
Entry  Pdcat Additives  Conve rsion 

(%)
[b]  

Yield 3m 
(%)

[c]
 

1 Pd(PPh3)4 - 82 32 

2 Pd(PPh3)4 4 Å M.S. 80 12 

3 Pd(PPh3)4 MgSO4 anhyd. >95 <5 

4 Pd(PPh3)4 10 mol% PPh3 22 17 

5 Pd2(dba)3
[d]

 10 mol% PPh3
 

72 40 

6 Pd2(dba)3
[d]

 20 mol% PPh3 78 42
 

7 Pd2(dba)3
[d]

 30 mol% PPh3 65 38 

8 Pd2(dba)3
[d]

 20 mol% (4-MeOPh)3P 53 37 

9 Pd2(dba)3
[d]

 20 mol% (4-ClPh)3P 60 40 

10 Pd2(dba)3
[d]

 20 mol% (OPh)3P 0 <5 

11 Pd2(dba)3
[d]

 20 mol% PCy3 95 <5 

12 Pd2(dba)3
[d]

 20 mol% Xantphos 20 <5 

13 Pd2(dba)3
[d]

 20 mol% dppb 33 28 

[a]Reaction conditions: 8a (0.100 mmol), Pdcat 1 (0.010 mmol), AgOPiv (0.010 mmol), B2pin2 

(0.200 mmol), toluene (0.1 mL), weighed inside an Ar-filled glovebox and then taken out and 

stirred at 35 °C for 16h [b]Conversion of 8a was determined by 1H NMR spectroscopy of the 

crude reaction mixture [c]Isolated yields. [d]5mol% Pd2(dba)3 was used  

To summarize the above findings, the best conditions for the borylation of 

terminal propargylic acetates involved using 2 equivalents of B2pin2, 10 

mol% AgOPiv, 5 mol% Pd2(dba)3 and 20 mol% PPh3 (Table 7, entry 6). The 

reaction time and temperature was varied to decrease the amount of proto-

deborylated byproducts. Using these optimized conditions allenylboronates 

3m-o could be synthesized from propargylic acetates 8a-c. Secondary (Table 

8, entries 1 and 2) and tertiary (entry 3) propargylic acetates were converted 

to the corresponding allenyl boronates.  
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Table 8. Palladium and silver-catalyzed synthesis of allenyl boronates
[a]

 

 

Entry  Substrate  
Temp 
(°C) 

Time 
(h) 

Product  
Yield 
(%)

[b]
 

1 8a 

 

40 12 3m 
 

45 

2 8b 

 

45 8 3n 
 

36 

3
[c]  

8c 

 

35 16 3o 

 

31 

[a]Reaction conditions: propargylic acetate 8 (0.300 mmol), Pd2(dba)3 (0.015 mmol), AgOPiv 

(0.030 mmol), B2pin2 (0.600 mmol), PPh3 (0.060 mmol), toluene (0.1 mL) were weighed 

inside an Ar-filled glovebox and then taken out and stirred at the indicated temperature for the 

indicated time [b]Isolated yield [c] 0.2 mL toluene was used instead 

2.4 Stereochemistry of the formation of allenyl boronate 

As mentioned in the introduction, the procedure developed by the group 

of Sawamura and Ito occurs with chirality transfer (section 2).
22b

 Therefore, 

we investigated whether the same chirality transfer may occur when using 

the Pd/Cu bimetallic system as well. We synthesized the enantiomerically 

enriched propargylic carbonate (S)-2d and subjected it to our standard reac-

tion conditions (Table 9). 

Table 9. Investigation of the enantiospecificity of the reaction
[a]

 

 

Entry  
Temp 
(°C) 

Yield 
(%)

[b]
 

ee 
(%)

[c]
 

1 50 95 12 

2 22 98 >90 

[a]Reaction conditions: (S)-2d (0.300 mmol), Pd(PPh3)4 (0.030 mmol), CuI (0.030 mmol), 

B2pin2 (0.600 mmol), THF (1.2 mL), weighed inside an Ar-filled glovebox and then taken out 

and stirred at the indicated temperature for 16 h [b]Isolated yields [c]Measured by GC and 

optical rotation 
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At 50 °C, the reaction gave low enantiospecificity (entry 1). However, 

lowering the temperature to room temperature led to full conversion and a 

high level of chirality transfer was observed (entry 2). The absolute stereo-

chemistry of the enantiomeric allenyl boronate was determined on the basis 

of optical rotation data. The sign and value of optical rotation of product (S)-

3d was in agreement with the data reported by Sawamura and co-workers for 

the same compound.22b 

2.5 Borylative opening of propargylic epoxides; synthesis 
of 1,2-diborylated butadienes 

As mentioned above (section 2, Scheme 2), our group has previously 

demonstrated that the palladium-catalyzed stannylation can be performed 

using propargylic epoxides as substrates.
30b

 This reaction involved an epox-

ide opening to form the stannylated homoallenylic alcohol. Therefore, we 

decided to examine if the borylation reaction follows the same reactivity 

pattern with propargylic epoxides. 

 
 

Scheme 10. Initial experiments of borylation of propargylic epoxides 

According to the 
1
H NMR spectrum of the crude reaction mixture, the 

starting material 10a was fully converted. Upon isolating the product by 

column chromatography we found that the borylated product was the 1,2-

diborylated butadiene derivative 11a instead of the expected allenyl boronate 

3p (Scheme 10). Although the yield was acceptable, the main product was 

the enyne 5c. By increasing the amount of B2pin2 to 3 equivalents and reduc-

ing the temperature, formation of the enyne byproduct 5c could be reduced. 

Without a copper-source full conversion of the starting material to the enyne 

5c was observed, which demonstrates that copper is needed in the borylation 

reaction, perhaps to activate B2pin2. 

Recently, Tsuji and co-workers presented a related study on the Cu-

catalyzed borylation of Ŭ-alkoxy allenes (Scheme 11a).
37

 Considering the 

results of this study, the formation of the 1,2-diborylated butadiene 11a can 

be explained by an additional borylation of 3p under the applied reaction 

conditions (Scheme 11b).  
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Scheme 11. (a) Copper-catalyzed borylation of Ŭ-alkoxy allenes with B2pin2 pre-

sented by Tsuji and co-workers
37

 (b) Formation of 1,2-diborylated butadiene 11a 

from expected intermediate 3p 

The previously developed methodology using a bimetallic system of 

Pd/Cu gave 11a-b (Table 10, entries 1 and 2) and 11d (entry 4) in moderate 

yields.  

Table 10. Palladium and copper-catalyzed diborylation of propargylic epoxides
[a]

 

 

Entry  Substrate  Product  
Yield 
(%)

[b]
 

E/Z
[c]  

1 10a 

 

11a 

 

59 8:1 

2 10b 

 

11b 

 

42 4:1 

3 10c 

 

11c 

 

<5 - 

4
[d]  

10d 

 

11d 

 

70 >95:5 

5
[d]  

10e 

 

11e 

 

19 >95:5 

[a]Reaction conditions: propargylic epoxide 10 (0.300 mmol), Pd(PPh3)4 (0.030 mmol), CuI 

(0.030 mmol), B2pin2 (0.900 mmol), THF (1.2 mL) were weighed inside an Ar-filled 

glovebox and then taken out and stirred at 22 °C for 16 h [b]Isolated yields [c]E/Z ratio 

determined by 1H NMR spectroscopy of the crude reaction mixture [d]Reactions performed in 

MeOH (1.2 mL) instead of THF 
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The reaction generally proceeds with good diastereoselectivity (entries 1-

2), whereas cyclic structures provided only one diastereomer (entries 4 and 

5). Compounds 10e-d (entries 4 and 5) gave a higher yield in MeOH than in 

THF. However substrate 10c gave no conversion to the corresponding 1,2-

diborylated butadiene 11d. The major side product was the formation of the 

corresponding enyne. 

As mentioned above, Ito and Sawamura demonstrated that CuOtBu is 

able to catalyze the borylation of propargylic carbonates (Scheme 5).
22b

 

Thus, we hypothesized that epoxide 10 can undergo borylative epoxide 

opening with an in situ generated catalyst from CuCl and KOtBu. The inter-

mediate product is then able to undergo an additional borylation to give the 

1,2-diborylated butadiene 11 (see Scheme 11b). 
 

Table 11. Copper and base-catalyzed diborylation of propargylic epoxides
[a]

 

 

Entry  Substrate Product 
Yield 
(%) [b] 

E/Z[c] 

1 10a 

 

11a 

 

94 12:1 

2 10b 

 

11b 

 

83 10:1 

3 10c 

 

11c 

 

62 8:1 

4
 

10d 

 

11d 

 

97 >95:5 

5
 

10e 

 

11e 

 

91 >95:5 

[a]Reaction conditions: propargylic epoxide 10 (0.300 mmol), CuCl (0.030 mmol), PCy3 

(0.090 mmol), KOtBu (0.090 mmol), B2pin2 (0.900 mmol), THF (1.2 mL) were weighed 

inside an Ar-filled glovebox and stirred for 16 h at 22 °C [b]Isolated yields of both 

diastereomers [c]E/Z ratio determined by 1H NMR spectroscopy from the crude reaction 

mixture 
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Indeed, when 10a-e reacted with B2pin2 (3 equiv.) in the presence of CuCl 

(10 mol%), KOtBu (30 mol%) and PCy3 (30 mol%), 1,2-diborylated butadi-

enes 11a-e could be synthesized selectively and isolated in high yields. Grat-

ifyingly, the formation of the enyne was completely suppressed. In addition, 

the diastereoselectivity was also improved compared to the corresponding 

reactions using the bimetallic catalyst system (cf. Table 10, entries 1 and 2 

and Table 11, entries 1 and 2). 

The stereochemistry of the major diastereomer 11a was determined by X-

ray crystallography. According to the X-ray structure, the Bpin moieties are 

in the (E)-configuration (Figure 4). 

 

 
 

Figure 4. ORTEP representation of 11a 
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2.6 Proposed catalytic cycle 

The exact mechanism for the palladium-catalyzed borylation of propar-

gylic alcohol derivatives is not fully understood. However, we are able to 

propose a catalytic cycle based on the above experiments. 

2.6.1 Proposed catalytic cycle for the borylation of 
propargylic carbonates 

 
 

Figure 5. Proposed catalytic cycle for the borylation of propargylic carbonates,  

X = -Cl, -I 

The catalytic cycle is proposed to start with oxidative addition of propar-

gylic carbonate 2 to the Pd
0
 complex 1 to form 12a

 
(Figure 5). It has previ-

ously been reported that palladium-catalyzed reactions of propargylic alco-

hol derivatives give high anti-selectivity.
14c, 38

 The high stereoselectivity of 

the palladium-catalyzed borylation (shown above in section 2.5, Table 9) can 

be explained by a stereoselective displacement of the leaving group from the 

substrate. We propose that the Ć-C* of the alkyne and ůC-LG*  of the leaving 

group MOs interact with the filled d-orbital of palladium in an anti-fashion 

during oxidative addition (Figure 6).  
















































































