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Low coordinate NHC-Zinc-Hydride Complexes Catalyze Alkyne C-H 
Borylation and Hydroboration using Pinacolborane 
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⸹ School of Chemistry, University of Edinburgh, Edinburgh, EH9 3FJ, UK 
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‡ Research and Development, GlaxoSmithKline, Gunnels Wood Road, Stevenage SG1 2NY, U.K. 

ABSTRACT: Organozinc compounds containing sp, sp2 and sp3 C-Zn moieties undergo transmetalation with pinacolborane (HBPin) 
to produce Zn-H species and organoboronate esters (RBPin). This Zn-C/H-B metathesis step is key to enabling zinc catalyzed boryla-
tion reactions, with it used in this work to develop both terminal alkyne C-H borylation and internal alkyne hydroboration. These two 
conversions can be combined in one-pot to achieve the zinc catalyzed conversion of terminal alkynes to 1,1-diborylated alkenes 
without isolation of the sensitive (to protodeboronation) alkynyl boronate ester intermediates. Mechanistic studies involving the iso-
lation of intermediates, stoichiometric experiments and DFT calculations all support mechanisms involving organozinc species that 
undergo metathesis with HBPin. Furthermore, zinc catalyzed hydroboration can proceed via a hydrozincation step, which does not 
require any exogenous catalyst in contrast to all previously reported alkyne hydrozincations. Bulky N-heterocyclic carbenes (NHCs) 
are key for effective catalysis as the NHC steric bulk enhances the stability of NHC-Zn species present during catalysis and provides 
access to low coordinate (NHC)Zn-H cations that are electrophilic yet Brønsted basic. This work provides an alternative  approach 
to access synthetically desirable pinacol-organoboronate esters using earth abundant metal based borylation catalysts.             
Keywords: borylation; zinc; hydrides; N-heterocyclic carbene; homogeneous catalysis 

Introduction 
The considerable utility of organoboranes has made them ubiq-
uitous in synthesis and this provides a continued impetus to de-
velop new routes to form C-B bonds.1 Hydroboration and C-H 
borylation of hydrocarbons using commercial boranes, particu-
larly HBPin / B2Pin2, represent efficient routes to C-B bonds.1b,2 
Noble metal based catalysts have dominated this area and 
borylation methodologies now exist that are extremely power-
ful.1b, 3 The replacement of noble metals with base metals that 
are earth abundant (e.g. Fe, Cu, Zn, Al), is desirable.4 However, 
catalysts based on base metals often react via distinct mecha-
nisms to noble metals due to different propensities to undergo 
two electron redox steps. For base metal catalyzed borylation 
metathesis steps at a single redox state are often crucial (Figure 
1A and B). While recent progress has been made in developing 
earth abundant metal based catalysts for alkyne hydroboration 
(Figure 1A),5 there are fewer examples of earth abundant metal 
based catalysts for C-H borylation.3c,6 Notable exceptions in-
clude NHC stabilized Fe and Cu catalysts for arene and alkyne 
C-H borylation, respectively (Figure 1B). However, most cata-
lysts can only effect one step, hydroboration or C-H borylation, 
therefore a single earth abundant metal based catalyst that ena-
bles both alkyne C-H borylation and hydroboration would be 
highly desirable. For example, this would represent a useful cat-
alytic conversion for converting terminal alkynes into di-
borylated alkenes.7 This conversion is of topical interest as the 
products are highly useful, however it should be noted that 
forming 1,1-diborylated alkenes from terminal alkynes is rare 
and much less common than the formation of the 1,2-isomers.8 
Indeed, to the best of our knowledge, it is limited to two reports 
using either an iridium or a cobalt based catalyst.7 While highly 
notable work, Ir and Co have drawbacks with both having ex-
tremely low permitted  
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Figure 1 A-D select relevant previous work. E, inset this work 
demonstrating Zn-R/H-BPin transmetalation and zinc catalyzed C-
H borylation and hydroboration for formation of 1,1-diborylated 
alkenes. 



 

daily exposures (PDE) as defined by the European Medicines 
Agency,9 while Ir is also of low abundance. Thus the develop-
ment of a catalyst based on a metal with a high PDE10 and high 
natural abundance that performs C-H borylation and hydrobo-
ration enabling formation of 1,1-diborylated alkenes from ter-
minal alkynes would be significant. 

As part of our ongoing interest in catalyzed C-H borylation11 
and using zinc complexes for  bond formation we targeted zinc 
catalyzed C-B bond formation.12 In previously reported base 
metal borylation catalysis a metal hydride is often an on cycle 
species generated concurrently with the desired organoborane 
via a -bond metathesis step between HBPin and an organome-
tallic species (e.g. Figure 1A and B). Notably to the best of our 
knowledge, the analogous metathesis reaction of organozinc 
and hydroborane species to form a zinc hydride and an organo-
borane has not been reported. Indeed, the only reported zinc cat-
alyzed C-H borylation, that we are aware of,13 is of terminal al-
kynes using 1,8-naphthalene-diaminato-borane (HBDan), to af-
ford alkynyl-BDan (Figure 1C). Notably, the more mainstream 
reagent, HBPin, does not generate alkynylBPin compounds un-
der the reported conditions. Furthermore, this report does not 
invoke the intermediacy of Zn-C species or metathesis of Zn-C 
with H-B, potentially due to the current lack of precedence for 
such conversions. Therefore determining the feasibility of Zn-
C / H-B metathesis is vital to establish the viability of borylation 
catalytic cycles mediated by molecular zinc hydrides. While 
molecular zinc hydrides have attracted significant attention in 
recent years, this is predominantly for the catalytic hydrobora-
tion of polar unsaturated bonds (e.g. C=O, C=N).14 In these sys-
tems C=O/C=N hydrozincation generates a zinc alkoxide or 
zinc amide which reacts with a hydroborane to regenerate the 
zinc-hydride and B-N or B-O containing products (Figure 1D). 
B-N and B-O bond formation provides a significant driving 
force (due to the partial multiple bond character present in B-
N/B-O bonds) which will be absent in putative Zn-C / H-B me-
tathesis reactions. It is however notable that Grignard reagents 
react with HBPin to form Mg-H and organoBPin species,15 thus 
suggesting the feasibility of an analogous metathesis reaction 
with organozinc compounds given the commonalities often ob-
served between Mg and Zn chemistry. 

In this work we demonstrate that a range of organozinc species 
do undergo transmetalation with HBPin to form organoBPin 
species and zinc hydrides. The latter when ligated with bulky 
N-heterocyclic carbenes (NHC) are effective for both catalytic 
terminal alkyne C-H borylation and internal alkyne hydrobora-
tion. These two conversions can be combined using a single 
zinc catalyst to achieve the one-pot transformation of terminal 
alkynes into 1,1-diborated alkenes using HBPin. 7-DIPP ligated 
Zn cations (inset Figure 1E, 7-DIPP = 1,3-bis(2,6-diiso-
propylphenyl)-4,5,6,7-tetrahydro-1H-1,3-diazepin-3-ium-2-
ide) are essential for effective catalysis as this NHC affords en-
hanced thermal stability during catalysis (relative to zinc cati-
ons ligated by bulky five membered NHCs) and provides access 
to low coordinate zinc-hydride cations that are electrophilic yet 
Brønsted basic.  

Results and Discussion 
Zn-C / H-B Metathesis Studies 
Commercial diphenylzinc was selected as the initial organozinc 
reagent for transmetalation studies as it is devoid of the equilib-
ria present using organozinc-halides and it does not contain zin-
cates which are often present when diorganozinc compounds 

are made from Grignard reagents and ZnX2. On mixing ZnPh2 
with two equiv. of HBPin in THF rapid transmetalation pro-
ceeded leading to formation of PhBPin as the major boron con-
taining product (by 1H and 11B NMR spectroscopy). Insoluble 
material also was observed to form, presumably (ZnH2). To 
confirm that THF coordination to any zinc species is not signif-
icantly affecting the transmetalation outcome the reaction was 
repeated in the more weakly coordinating solvent ortho-dichlo-
robenzene (o-DCB). From this reaction PhBPin again was ob-
served as the major boron product along with insoluble material 
(again presumably (ZnH2)). Similar outcomes were observed 
when combining commercial ZnEt2 and HBPin (with EtBPin 
observed as the major boron containing product) confirming 
that Zn-C/H-BPin transmetalation proceeds with both dialkyl- 
and diaryl- zinc compounds. 

 

ZnPh2 + 2 HBPin PhBPin   +   ZnH2

THF or o-DCB

ZnEt2 + 2 HBPin EtBPin  +  ZnH 2  
Scheme 1: Zn-R / HBPin transmetalation reactions. 

Solubilizing the zinc hydride product formed post Zn-C/H-B 
transmetalation is essential to preclude precipitation shifting 
Zn-C/H-B metathesis equilibrium reactions to completion. Ste-
rically demanding NHCs were selected as solubilizing ligands 
as low coordinate NHC-ligated zinc hydrides have been previ-
ously reported to be thermally stable at 20oC in solution for days 
while also being useful in a range of catalytic applications.14 
The two NHCs selected were N,N-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene (IDIPP) and 7-DIPP as these both have 
large percentage buried volumes (%Vbur) which enforces low 
coordination numbers at metal centres.16 (7-DIPP)ZnCl2, 1, and 
(7-DIPP)ZnPh2, 2, were synthesized by addition of the free car-
bene to ZnCl2 and ZnPh2, respectively. Notably, the solid state 
structures of both 1 and 2 on crystallization were monomeric 
and three coordinate at zinc. For the dihalide analogue 1 (which 
was crystallized from THF) this is in contrast to (IDIPP)ZnCl2 
which coordinated THF, forming (IDIPP)ZnCl2(THF) which is 
four coordinate at Zn.17 Comparison of the buried volumes of 1 
(49.7%) and 2 (44.7%) to a range of (IDIPP)Zn analogues con-
firms the greater steric impact of 7-DIPP relative to IDIPP. 
While the structure of 2 is comparable to previously reported 
(7-Mes)ZnMe2,18 it is notable that there is a significant angle 
between the N-C-N plane and the PhC-Zn-CPh plane (64.6°) in 2 
presumably reducing steric interactions between the DIPP and 
Ph moieties.  

Figure 2. Solid state structures of 1 (left) and 2 (right) ellipsoids at 
50 % probability and hydrogens omitted for clarity. Selected bond 
distances (Å) and angles (°) for 2: NHCC-Zn = 2.098(2); PhC-Zn = 
1.989(2) and 2.011(2); PhC-Zn-CPh = 118.74(7); PhC-Zn-CNHC = 
123.75(7) and 116.90(7). 



 

With a well-defined (NHC)ZnR2 species in hand transmeta-
lation with HBPin was assessed. Compound 2 was combined 
with two equivalents of HBPin in THF which led to the for-
mation of PhBPin as the major new boron containing product 
(by 1H and 11B NMR spectroscopy) along with other products, 
including the NHC-derived species, 3 (Scheme 2). In our hands 
a putative (7-DIPP)ZnH2 complex could not be isolated from 
this mixture. Furthermore, other routes to form (7-DIPP)ZnH2 
species (commencing from 1 or 2) were also unsuccessful in our 
hands. For full characterization the independent synthesis of 3 
was achieved by combining 7-DIPP and 2 equiv. of HBPin. 
Compound 3 is a NHC ring opened product derived from two 
H transfers from B to C and is related to previously reported 
products from the reaction of 1,3-bis(2,6-di-isopropylphenyl)-
imidazolidin-2-ylidene (SIDIPP) with HBCat or HBPin.19 The 
formation of 3 from reactions commencing from 2 / HBPin 
would potentially also lead to (ZnH2) formation, precipitation 
of which could still affect the metathesis equilibrium. To pro-
vide support for Zn-H formation by Zn-C/H-B metathesis being 
thermodynamically favored (IDIPP)ZnPh2, 4, was synthesized 
by the combination of IDIPP and ZnPh2. Addition of two equiv-
alents of HBPin to 4 in o-DCB or THF led to formation of 
PhBPin as the major new boron containing species along with 
the previously reported complex {((IDIPP)ZnH)2(-H)2}.20 
This confirmed that in this case Zn-C/H-B metathesis is ther-
modynamically favored and not driven by the insolubility of 
one of the products.  

 

 

Scheme 2: Top and bottom, transmetalation between 
(NHC)ZnPh2 and HBPin. Middle, the formation of 3. 

As zinc-catalyzed terminal alkyne C-H borylation (Scheme 1C) 
is the only zinc catalyzed C-H borylation reaction reported to 
date to the best of our knowledge,13a we explored the transmeta-
lation between Zn-alkynyl species and HBPin. Zn-bis alkynyl 
complex 5 (Figure 3), was synthesized and crystallized from 
THF, with the solid-state structure indicating it is also three co-
ordinate at zinc. Compound 5 has a shorter bond distance for 
NHCC-Zn (2.037(3) Å) compared to 2 (2.098(2) Å) which con-
tributes to the higher %Vbur determined for 7-DIPP in 5 (47.3°). 
There is also a large angle in 5 between the N-C-N and the al-

kynylC-Zn-Calkynyl planes (89.2o) presumably to reduce steric in-
teractions. The reaction of 5 with excess HBPin in THF led to 
formation of alkynylBPin 6a and compound 3 (Figure 3, by 1H 
and 11B NMR spectroscopy after 18 h). Inspection of the in-situ 
NMR spectra at shorter reaction times revealed that the for-
mation of NHC-ring opened product 3 occurs prior to formation 
of 6a, indicating, in contrast to 2 and 4 that dissociation of 7-
DIPP from zinc in compound 5 and formation of 3 occurs prior 
to the reaction of the resultant Zn(alkynyl)2(THF)n species re-
acting with HBPin to form 6a. Dissociation of bulky ring ex-
panded NHCs from diorganozinc species has been previously 

observed.18 Finally, for comparison the IDIPP congener, com-
pound 7 (Figure 3 bottom), was synthesized in-situ from the re-
action of 4 with two equiv. of 4-ethynyltoluene in THF (with 
evolution of benzene observed by NMR spectroscopy). This 
Zn-alkynyl species underwent transmetalation with excess 
HBPin to form only one equivalent of 6a, with the NHC remain-
ing coordinated to zinc. The zinc containing product displayed 
NMR spectra consistent with the formulation 
{(IDIPP)Zn(alkynyl)(-H)}2. With only one equivalent of 
HBPin being consumed in the reaction with 7 (the second zinc-
alkyne moiety does not undergo -bond metathesis even after 
long reaction times and with additional HBpin added) this sug-
gests that Zn-Calkynyl / H-BPin metathesis is less energetically 
favorable than metathesis with Zn-Csp2 analogues (e.g. 4) 
where two metathesis steps take place.  

Combined, the above reactions clearly demonstrate that Zn-C / 
H-B transmetalation between ZnR2 / (NHC)ZnR2 species and 
HBPin proceeds for sp2 and sp3 carbon centres and to some ex-
tent for C-sp centres. With the viability of metathesis confirmed 
and the reactivity of molecular zinc hydrides with terminal al-
kynes to form zinc alkynyls and H2 previously documented21 
the feasibility of combining these steps to achieve zinc cata-
lyzed alkyne borylation with HBPin was explored. 

 

Figure 3. Top, the synthesis of 5 and inset its solid state structure 
(ellipsoids at 50% probability and hydrogen atoms omitted for 
clarity). Middle, transmetalation between 5 and HBPin. Bottom, 
transmetalation between compound 7 (formed in-situ) and HBPin. 
Selected bond distances (Å) and angles for 5 (°): NHCC-Zn = 
2.037(3); alkynylC-Zn = 1.969(4) and 1.959(4); alkynylC-Zn-Calkynyl = 
115.75(14); alkynylC-Zn-CNHC = 119.61(13) and 124.59(13).  

 

Catalytic Terminal Alkyne C-H Borylation  
Catalytic studies started with compounds 2 and 4 as these are 
readily accessible catalyst precursors with the proposed on-cy-
cle (NHC)Zn-hydride species generated by transmetalation 
with HBPin (forming PhBPin as the by-product). However, us-
ing 2 or 4 as the (pre)catalyst in o-DCB, MeCN or THF under 
a range of conditions led to only partial consumption of 4-
ethynyltoluene, incomplete (< 50% in all cases) formation of 
the desired compound 6a and formation of multiple other prod-
ucts (by in-situ multinuclear NMR spectroscopy) some of 
which were consistent with products from the reaction of the 
NHC with HBPin (e.g. 3). During these reactions using 2 or 4 
insoluble material also was observed to form concomitant with 
catalyst deactivation. Catalyst decomposition (as indicated by 
precipitation of insoluble material) occurred more readily on 
heating to 60oC with no significant improvement in the conver-
sion to 6a using 2 or 4.  
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Scheme 3: Protonolysis of 2 and 4 to form complexes 8 and 9. 

With catalyst deactivation potentially precluding high conver-
sions to 6a using 2 or 4 cationic analogues of general formula 
(NHC)ZnPh(anion) were targeted, as hydrides of the general 
formula, (NHC)Zn(H)(anion), have been reported to be signifi-
cantly more thermally stable than neutral (NHC)ZnH2 ana-
logues.14e Compound 2 was combined with one equivalent of 
the strong Brønsted acid HNTf2 which led to benzene evolution 
and formation of (7-DIPP)ZnPh(NTf2), 8. (IDIPP)ZnPh(NTf2), 
9, was synthesized via an analogous route (Scheme 3).  

 

Table 1. Catalyst optimization for alkyne dehydroboration 

 
Entry Catalyst T (oC) Time / h 6ad 

1 8 20 72 94 

2 8 40 18 89 

3 8 60 2.5 85 

4 8a 60 5 99 

5 9a 60 1.5 7 

6 9a 60 21 11 

7 ZnPh2 60 5 2 

8 PhZnNTf2
b 60 5 5 

9c 8 + base 20 18 41 

Reaction conditions as shown above unless otherwise indicated. a 
= using 5 mol% at [0.8 M] 8 b = made in-situ from ZnPh2 / HNTf2. 
c = base = 2,4,6-tri-tertbutylpyridine. d = Yields by in-situ 1H NMR 
spectroscopy based on the ratio of the product Vs. mesitylene added 
as internal standard.  

In o-DCB or benzene the use of 8 as a borylation catalyst did 
proceed but led to competitive terminal alkyne C-H borylation 
and hydroboration in o-DCB (approx. 1 : 1 mixtures of products 
were formed) while in benzene the C-H borylation product 
dominated but lower yields were observed (ca. 75%). In con-
trast, in THF only alkyne C-H borylation to form 6a was ob-
served over a range of reaction temperatures. While alkyne C-
H borylation in THF was slow at 20oC reactions with 8 could 
be heated in THF (table 1, entries 1-4) without significant cata-
lyst deactivation, thus enabling high conversion to 6a. Notably, 
under a range of conditions the (IDIPP)Zn analogue 9 gave very 
low conversions (e.g. entries 5 and 6). Reactions using 9 led to 
the formation of a black precipitate on heating at 60oC, con-
sistent with the formation of zinc metal and indicating the lower 
thermal stability under these catalytic conditions for (IDIPP)Zn 
congeners versus (7-DIPP)Zn congeners. This is consistent with 
the absence of any additional turnover with longer reaction 
times (entries 5 Vs 6). In the absence of any NHC, using ZnPh2 
or PhZnNTf2 as catalysts, extremely low conversions were ob-
served (entries 7-8) indicating the importance of NHC ligation. 

Finally, in an attempt to use a base to catalyze any alkyne depro-
tonation steps (as proposed previously for zinc catalyzed alkyne 
C-H borylation with HBDan, see Figure 1C)13a compound 8 was 
utilized in combination with a hindered pyridyl base (to prevent 
pyridyl coordination to zinc and catalyst deactivation as ob-
served previously in carbonyl hydrosilylation using related zinc 
systems)14e. However, this resulted in no significant increase in 
conversion (entry 9) relative to borylation reactions in the ab-
sence of this base, indicating under these conditions that this 
base is not involved in any deprotonation step.  

With effective zinc catalyzed alkyne C-H borylation conditions 
in hand, the borylation of a range of terminal alkynes was in-
vestigated. Aryl, heteroaryl, vinyl and alkyl substituted alkynes 
were all viable substrates with 1.1 equiv. of HBpin sufficient 
for high yields of 6 in each case (Figure 4). This methodology 
was also applicable to a range of terminal arylalkynes bearing 
electron donating and withdrawing functionalities such as OMe, 
F, Cl, NMe2 and CF3. However, substrates containing nitrile and 
nitro-substituents were not amenable as these were reduced in 
preference to alkyne C-H borylation. Given the large steric de-
mand of 7-DIPP it is notable that ortho-ClC6H4 and mesityl sub-
stituted alkynes, 6g and 6i, were successfully borylated under 
these conditions.  

 

 
Figure 4: Scope of (7-DIPP)Zn catalyzed alkyne C-H borylation. 
Yields by in-situ 1H NMR spectroscopy based on the ratio of 
product Vs. mesitylene added as internal standard. a = 22 h. 

 

Formation of 1,1-Diborylated Alkenes 
While alkynyl boronate esters such as 6a-m are useful in their 
own right22 they are highly prone to protodeborylation. There-
fore we sought to perform a subsequent transformation of the 
alkynyl boronate esters in-situ using the same zinc catalyst tar-
geting more robust to protodeborylation products that are also 
highly useful. Guided by the observation of alkyne hydrobora-
tion as a by-product during the formation of 6a in aromatic sol-
vents we targeted the hydroboration of 6a. This reaction would 
proceed via initial alkyne hydrozincation with a subsequent 
transmetalation of the Zn-alkenyl intermediate with HBPin fur-
nishing diborylated alkenes (e.g. 10a, Figure 5). Notably, while 
Zn-B and Zn-Si bonds have been reported to add to alkynes in 



 

the absence of catalysts,23 to the best of our knowledge, catalyst 
free alkyne hydrozincation has not been reported prior to this 
work.24 The hydroboration of alkynyl boronate esters could pro-
duce 1,1 or 1,2 diborylated alkenes, both useful products.8,25 
However, catalytic routes to form the 1,1-isomer from non-ac-
tivated alkynes (e.g. alkynes that are not Michael acceptors)26 
are much more limited with those reported to date requiring no-
ble metal or cobalt catalysts.7 

 
Figure 5: Hydroboration of 6a to 10a using precatalyst 8. 

The hydroboration of 6a using HBPin and 10 mol% 8 as a cat-
alyst precursor was achieved in good yield on heating in a range 
of hydrocarbon solvents (toluene, benzene or methyl-cyclohex-
ane). In hydrocarbon solvents the 1,1-diborylated alkene, 10a, 
was formed in high yield (> 95% after heating for 28 h at 90oC) 
with no 1,2-isomer observed by NMR spectroscopy. To provide 
support that the catalysis is zinc mediated and that B-H species 
formed by borane substituent redistribution (minor 11B reso-
nances centered at 22 ppm are observed during this process con-
sistent with formation of (RO)3B products) are not responsible 
for the observed hydroboration of 6a,27 control experiments us-
ing BH3.THF were carried out. Using 10 mol% BH3.THF (1M 
in THF) only 25% hydroboration of 6a to 10a was observed 
after 33 hours at 90°C. This is drastically less than the outcome 
observed using 10 mol% of 8 as a precatalyst which gives com-
plete conversion of 6a to 10a under identical conditions. Hy-
droboration conversion using 8 remains high (> 98% conver-
sion after 28 h) even when 5 equivalents of THF was added to 
the reaction mixture (disfavoring THF being a catalyst poison). 
These results suggest that (7-DIPP)Zn based species are respon-
sible for the hydroboration reactivity, which proceeds via a 
highly selective hydrozincation of 6a and subsequent 
transmetalation with HBPin.  

A combined C-H borylation / hydroboration protocol next was 
developed to form 1,1-diborylated alkenes in one-pot from ter-
minal alkynes operating all in hydrocarbon solvent (C6D6 is 
used in sealed tubes for NMR monitoring purposes but the 
transformation also proceeds effectively in toluene). The one-
pot conversion of the terminal alkyne to 10a using 8 as the cat-
alyst precursor proceeded in good yield at 90oC with no solvent 
switch required. Notably, performing the reaction in C6D6 at the 
lower temperature of 60oC led to 6a being the major product 
with minimal formation of 10a observed. The higher tempera-
ture required to form 10a indicates a greater kinetic barrier (rel-
ative to formation of 6a) and that C-H borylation precedes hy-
droboration under these conditions. With conditions in hand us-
ing 8 as a catalyst precursor a number of terminal alkynes were 
converted in one-pot to the 1,1-diborylated alkenes, 10a-h, in 
moderate to good yield without isolation of the intermediate al-
kynyl boronate esters 6 (Figure 6). Performing the tandem func-
tionalization for longer duration or increasing the number of 
equivalents of HBPin used (from 4 to 5) increases the conver-
sion to the 1,1-diborylated alkenes, indicating that there is still 
significant catalyst remaining (the mass balance in these reac-
tions is predominantly 6x). This one-pot diborylation process 
was amenable to a range of terminal alkynes (including aryl 
groups substituted with electron withdrawing and donating 
groups and ortho, meta and para substituents). It should be 

noted that electron withdrawing groups required longer for 
comparable conversion, suggesting a build-up of cationic char-
acter on the alkyne moiety in the transition state of the hydrozin-
cation process. This transformation complements the recently 
reported cobalt catalyzed conversion of terminal alkynes into 
1,1-diborylated alkenes (which focused predominantly on alkyl 
alkynes). Furthermore, this zinc catalyzed process proceeds 
with no enyne by-products from homodimerization observed in 
contrast to the cobalt catalyzed process.7b As the diborylated al-
kene products, 10, are much more resistant to protodeborylation 
than the respective alkynyl boronate esters they are readily iso-
lated by column chromatography in moderate to good yields. 
1,1-diborylated alkenes have been previously utilized in a wide 
range of transformations (e.g. Suzuki-Miyaura cross coupling, 
halogenation to the 1,1-dihaloalkenes and oxidation to carbox-
ylic acids) thus are extremely useful.7,8 

 
Figure 6: The conversion of terminal alkynes into 1,1-diborylated 
alkenes in C6D6 using precatalyst 8. Yields are by NMR 
spectroscopy based on the ratio of the product formed versus an 
internal standard (isolated yields are provided in parentheses). a = 
reaction run for 56 h, b = 48 h.  

Mechanistic Studies 
Precatalyst Activation and Synthesis of Zn-H Species: 

Compound 8 is a readily accessed catalyst precursor, with a 
plausible mechanism (Figure 7) commencing by 8 undergoing 
transmetalation with HBPin to form a low coordinate [(7-
DIPP)ZnH]+ species (presumably solvent and/or anion coordi-
nated). Alternatively, 8 can react with a terminal alkyne by pro-
tonolysis to evolve benzene and form [(7-DIPP)Zn(alkynyl)]+ 
species (again the zinc centre will be solvent / anion coordi-
nated). These two cations represent the key proposed on-cycles 
species that would enable the first process, terminal alkyne C-
H borylation. Inspection of the catalytic C-H borylation reac-
tions (in THF and in benzene) by in-situ 1H and 11B NMR spec-
troscopy indicated the presence of PhBPin in all cases formed 
by Zn-Ph/H-BPin metathesis. In contrast, no formation of ben-
zene (the expected by-product from protonlysis of 8 with the 
terminal alkyne) was observed in THF under these conditions 
by 1H and 13C{1H} NMR spectroscopy. This confirms that Zn-
Ph / H-B transmetalation is kinetically more facile under these 
conditions than Zn-Ph protonlysis and thus metathesis is the key 
step for accessing zinc-hydride species in this system.  
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Figure 7: Proposed mechanism for terminal alkyne diboration. 

 

Isolation and structural characterization of the various (7-
DIPP)Zn complexes shown in Figure 7, particularly the pro-
posed zinc hydride was targeted. Compound 8, (7-
DIPP)ZnPh(NTf2), was isolated as a crystalline solid from THF 
with the [NTf2]- anion bound to the zinc center in a bidentate 
fashion (Figure 8, left) with no THF bound to zinc in the solid 
state structure. The majority of the structural metrics for 8 are 
comparable to the related four coordinate complex 
(NHC)Zn(C6F5)(O2CR), A (where the carboxylate is also biden-
tate, R = Cp*),28 with similar C-Zn distances. However, the Zn-
O distances in 8 (in the range 2.314(2) to 2.236(2) Å) are much 
larger than that in A (Zn-O = 2.086(2) Å)28 suggesting that 
[NTf2] in 8 is more weakly interacting with the zinc centre.  

To confirm that Zn-C/H-B transmetalation does proceed from 
8, 8 was reacted with HBPin in THF at 60oC. Transmetalation 
between 8/HBPin in THF does form PhBPin, however, in the 
absence of terminal alkyne (to react with the zinc-hydride prod-
uct) subsequent reaction with more HBPin occurs in THF to 
form 3 and other currently unidentified products, preventing 
isolation of a zinc-hydride. However, in o-DCB the transmeta-
lation between 8/HBPin proceeds cleanly and alongside PhBPin 
a single new zinc product that contained a resonance consistent 
with a terminal Zn-H (1H = 3.65 ppm 1 H integral relative to 
the new NHC resonances) was observed as the major new (7-
DIPP)Zn species. This species was isolated by recrystallization 
with its solid state structure confirming its formulation as (7-
DIPP)ZnH(NTf2), 11, with NTf2 again bound to zinc in a biden-
tate manner (Figure 8 middle). The structural metrics of 11 are 
closely comparable to 8 (with 11 also having relatively long Zn-
O distances 2.232(2) and 2.252(2) Å), again suggesting that 
NTf2 is weakly coordinating to zinc. Comparison of 11 with the 
related complex (IDIPP)Zn(H)(N(SiMe3)2)29 B, reveals a com-
parable 1H for the Zn-H (3.20 ppm for B). While many struc-
tural metrics are comparable between B and 11, the C-Zn-H an-
gle in 11 is considerably greater than observed in B (149(3)  for 
11 and 107.9(1)° for B), consistent with a weaker interaction 
between zinc and -NTf2 in 11 than between zinc and -N(SiMe3)2 
in B, with 11 approaching the geometry observed in two coor-
dinate [(NHC)Zn-R]+ complexes (R = Et or C6F5) which have 
C-Zn-C angles approaching 180  (173  and 175 ).14g 

 

 

 

 

 

 
 

Figure 8: Synthesis of 11 from 8 in o-DCB and subsequent 
NTf2 dissociation observed on recrystallization from THF. Bot-
tom, solid state structures of 8, 11 and [11-THF]+, ellipsoids at 
50% probability and most hydrogens omitted for clarity. Se-
lected bond distances (Å) and angles (°) for 8 CNHC-Zn = 
2.050(3), CPh-Zn = 1.992(2), C-Zn-O = 2.293(2) and 2.236(2), 
CNHC-Zn-O = 105.39(9) and 114.46(9) C-Zn-C = 141.7(1). For 
11 C-Zn = 2.035(5), Zn-O = 2.233(2) and 2.252(2), 1.39(8), C-
Zn-O = 112.9(2) and 109.2(2) Zn-H = 1.39(8). For [11-THF]+ 
Zn-C = 2.006(4), Zn-H = 1.48(6), Zn-O = 2.108(4), C-Zn-O 
=112.1(1). 

 

With alkyne C-H borylation catalysis optimal in THF determin-
ing the speciation of 11 in THF is important. Increasing equiv-
alents of THF were added stepwise to 11 dissolved in d5-bro-
mobenzene which resulted in a gradual upfield shift of the Zn-
H resonance (the Zn-H moiety in 11 resonates at 3.65 ppm in 
d5-bromobenzene, but at 3.22 ppm in d8-THF). Confirmation of 
THF coordination to zinc was forthcoming from the solid state 
structural analysis of crystals obtained from a THF solution of 
11. This revealed displacement of NTf2 by one molecule of THF 
and formation of a three coordinate Zn-H cation, [(7-
DIPP)Zn(H)(THF)]+, termed [11-THF]+. The closest anion---
zinc contacts are all long, with 5.41 Å the shortest Zn---F and 
5.93Å the shortest Zn----O contact to NTf2. The geometry at 
zinc in [11-THF]+ is approximately trigonal planar (angles) 
at Zn = 359.2°) with a relatively (compared to B) large C-Zn-H 
angle again observed (133(2) ). Other bulky NHCs coordinated 
to cationic zinc-hydrides lead to ≥ four coordinate zinc centres 
due to solvent/anion coordination or oligomerization.14 While 2 
and 3-coordinate neutral zinc hydride complexes are known,30 
[11-THF]+ is the first example of a low (< 4) coordinate cati-
onic zinc hydride, to the best of our knowledge, which is acces-
sible due to the large steric demand of the 7-DIPP ligand.  

Alkyne C-H-Borylation: 

The solution state reactivity of 11 relevant to the catalytic cycle 
proposed in Figure 7 next was explored. Firstly, using 11 in 
place of 8 as catalyst in the C-H borylation to form 6a resulted 
in a greater conversion to 6a after 90 minutes relative to the 
conversion when using 8. Furthermore, no induction period is 
observed for the formation of 6a when using 11. This is con-
sistent with 11 (or [11-THF]+) being an on-cycle species, or 
having a low barrier to form an on-cycle species. Next, 11 was 
reacted with 4-ethynyl toluene, which led to concomitant con-
sumption of both the Zn-H and alkynyl C≡C-H resonances in 



 

the 1H NMR spectrum and the formation of a single major (7-
DIPP)Zn containing product. This new species was not isolable 
in our hands, however, the same compound was obtained by re-
action of 5 with one equivalent of HNTf2 (by 1H NMR spectros-
copy), with the expected terminal alkyne by-product from pro-
tonlysis observed (Scheme 4). This supports the identification 
of this new complex as [(7-DIPP)Zn(alkynyl)NTf2], 12, which 
again maybe anion and/or solvent coordinated.  

 

 

Scheme 4: Formation of compound 12 (shown as anion 
coordinated, in THF solution THF could also be bound to zinc, 
displacing NTf2 to produce [12-THF]+). 

The use of 12 in the C-H borylation catalysis in THF also led to 
effective formation of 6a with a greater conversion after 90 
minutes relative to that using 8, indicating 12 is also an on-cycle 
species, or has a low barrier to form an on-cycle species. The 
addition of HBPin to 12 (in the presence of one equiv. of 4-
ethynyl toluene) resulted in formation of 6a (the zinc-hydride, 
11 or [11-THF]+, is not observed by NMR spectroscopy as it is 
consumed by the rapid reaction with 4-ethynyl toluene to re-
form 12) confirming the feasibility of this Zn-alkynyl / H-BPin 
metathesis step. Repeating the reaction between 12 and excess 
HBPin in THF in the absence of any additional terminal alkyne 
still led to formation of 6a, but the ring opened NHC derived 
product 3 was observed instead of the zinc-hydride (11 or [11-
THF]+), consistent with 11 not being stable in THF in the pres-
ence of excess HBPin. Thus, all the steps of the proposed C-H 
borylation cycle shown in Figure 7 are viable, but in THF the 
zinc hydride 11 can react with additional HBPin (leading to cat-
alyst deactivation) or with a terminal alkyne (leading to turno-
ver), with the latter reaction dominating. Notably, the combina-
tion of stoichiometric 11 and 6a in C6D6 (a solvent in which 
combinations of 11/HBPin do not result in decomposition to 
form 3) leads to formation of HBPin as the major boron con-
taining species (Figure 9) and resonances consistent with 12. 
However, not all 11 and 6a are consumed (even on heating) in 
this reaction. These observations suggest that formation of zinc 
hydride 11 and 6a from 12 and HBPin is an equilibrium process 
favouring 12 and HBpin and that consumption of 11 in a subse-
quent step (e.g. reaction with a terminal alkyne to form H2 and 
reform 12) is required to drive the reaction to completion. 

 

 

Figure 9: Reversible sigma bond metathesis between zinc alkynyl 
12 and HBPin. 

Alkyne Hydroboration: 

Regarding the second cycle in figure 7, the alkynyl boronate 
esters are proposed to undergo hydrozincation and then metath-
esis with HBPin to form the diborylated alkenes. Hydroboration 
of 6a is more effective in hydrocarbon solvents than in THF, an 

observation attributable to the decomposition of zinc-hydride 
11 in the presence of excess HBPin in THF (and in the absence 
of terminal alkyne). In contrast, in benzene and other weakly 
coordinating solvents (e.g. o-DCB) 11 is more robust towards 
decomposition from reaction with HBPin, permitting prolonged 
heating which is essential for the transformation of 6 into 10. 
To the best of our knowledge uncatalyzed hydrozincation of al-
kynes has not been previously documented. However, direct ob-
servation of hydrozincation products by combining 11 and 6a 
is complicated by the kinetic product being the zinc-alkynyl 12 
and HBPin. It is only on prolonged heating that the diborylated 
products 10 are observed, indicating they are the thermody-
namic products from this reaction and suggesting that the hy-
drozincation of 6a with 11 has a higher barrier than the -bond 
metathesis to form 12 and HBPin.  

 

 
 

Figure 10: Hydrozincation of alkyne 13 with 11 and subsequent 
metathesis with HBPin. Inset, complex C. 

To probe the feasibility of the unprecedented catalyst free al-
kyne hydrozincation step the internal alkyne 1-phenyl-1-
propyne, 13, was reacted with stoichiometric 11 in C6D6. While 
no reaction was observed at room temperature, on heating com-
plete consumption of both 11 and 13 was observed, producing 
two new species in an approximately 1:1 ratio. These were spec-
troscopically consistent with the hydrozincation products 14a 
and 14b (Figure 10). Key diagnostic resonances from the 1H 
NMR spectrum included a new alkenyl singlet at 5.32 ppm (for 
14a) and a quartet at 4.82 ppm (for 14b), the latter is coupled to 
the alkenyl-Me group. In the HSQC spectrum these resonances 
were found to correlate to 13C alkenyl resonances at 142.6 and 
140.3 ppm. Crucially, both of these species undergo -bond 
metathesis with HBPin to afford the previously reported vinyl-
boronate esters 15a and 15b.31 Surprisingly, no well-defined 
zinc alkenyl complexes are reported in the literature, to the best 
of our knowledge, but support for the observed alkenyl chemi-
cal shifts for 14a and 14b is forthcoming from complex C (inset 
Figure 10) which has an alkenyl C-H resonance at 5.65 ppm (in 
contrast alkenylBPin C-H resonates significantly further down-
field).31 The selectivity in the hydrozincation/hydroboration of 
13 is low in contrast to that observed in the hydroboration of 6. 
We attribute this disparity to the cationic nature of the zinc cen-
tre in 11, leading to build-up of positive charge on the alkyne 
during hydrozincation which is significantly more stabilized by 
the aryl moiety than the BPin in 6 leading to the observed se-
lective formation of 1,1-diborylated products. In contrast with 
alkyne 13 the electronic disparity between Ph / Me is less (than 
Ph/BPin) resulting in lower selectivity.  

 

 

 



 

DFT Calculations 
Catalyst Speciation / Key Properties 

The mechanistic studies discussed above indicate the involve-
ment of zinc-hydride and zinc-alkynyl complexes in alkyne C-
H borylation, with both potentially being three coordinate mono 
solvated (NHC)Zn cations in THF. To determine the degree of 
solvation in THF for subsequent computational investigations 
the energy change on binding of a second molecule of THF to 
[11-THF]+ was explored at the M06-2x/cc-pVTZ level. This 
was performed as regardless of the solid state structure in solu-
tion it is feasible that an additional THF molecule binds to zinc 
in [11-THF]+. At this level the calculated structure of [11-
THF]+ revealed similar metrics to the solid state structure. For 
[11-THF]+ the binding of a second molecule of THF to zinc 
was found to be effectively thermoneutral at 298 K (Figure 11), 
therefore the three coordinate at zinc species, [11-THF]+

, will 
dominate at raised temperatures and thus mono-solvated spe-
cies are used in all the subsequent DFT calculations (including 
the hydrozincation process).32  

Analysis of the electronic structure of [11-THF]+ revealed that 
despite the low coordination number at zinc and the unit posi-
tive charge the hydride has significant negative charge (-0.544) 
based on natural bond orbital (NBO) calculations. This is com-
parable in magnitude to that previously calculated (at the same 
level) for the hydride in the four coordinate (at zinc) complex 
(IDIPP)ZnH(THF)(OTf).14e Another notable point is that the 
LUMO of [11-THF]+ has significant zinc p orbital contribution, 
in contrast to the four coordinate at zinc bis-solvate complex 
[11-THF2]+ (Figure 11, inset) which has negligible zinc contri-
bution to the LUMO. Finally, the energy of the LUMO of [11-
THF]+ is significantly lower than for [11-THF2]+ as expected 
based on their respective coordination numbers. Thus [11-
THF]+ contains a highly electrophilic zinc centre and an hy-
dridic (thus Brønsted basic) Zn-H moiety.  

 

 

Figure 11: Top, energy change on binding a molecule of THF to 
[11-THF]+. Inset left, LUMO of [11-THF]+ and inset right LUMO 
of [11-THF2]+ (iso surface value = 0.04, hydrogens omitted for 
clarity apart from Zn-H). NBO charges for [11-THF]+: CNHC= 
+0.090, Zn= +1.155, Zn-H= -0.544, O= -0.661. 

C-H Borylation: 

Regarding the feasibility of the proposed C-H borylation mech-
anism outlined in Figure 7, the  bond metathesis step was ex-
plored at the M06-2X/cc-pVTZ level and at the computationally 
less demanding M06-2x/lanl2dz/6-311g/PCM(THF) level. At 
both these levels the calculated G values were all within 2 

kcalmol-1, thus further calculations were performed at the M06-
2x/lanl2dz/6-311G/PCM(THF) level, and only values at this 
level are reported from here on unless otherwise stated. Starting 
from the zinc-alkynyl species [12’-THF]+ (12’ designates it 
contains a phenylacetylene unit not 4-ethynyltoluene), the 
transmetalation with HBPin to form [11-THF]+ is endergonic, 
but only by +4.1 kcalmol-1 (Figure 12). The subsequent proto-
nolysis of [11-THF]+ is exergonic, with the formation of H2 
presumably playing a key role in the overall favorable energet-
ics of the conversion due to the high bond energy of H2. The 
overall conversion of phenylacetylene / HBPin to H2 and 6e is 
exergonic by 6.1 kcalmol-1. The transition state (TS1) for the 
key -bond metathesis step from the spectroscopically ob-
served resting state (the zinc-alkynyl, [12-THF]+) to the zinc-
hydride [11-THF]+ was relatively low in energy, G‡ = +19.3 
kcal mol-1 (relative to [12’-THF]+ / HBPin). These results are 
consistent with the observed reactivity, with the presence of ad-
ditional terminal alkyne required to react with the hydride [11-
THF]+ whose formation is slightly endergonic from [12’-
THF]+ and HBPin.  
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Figure 12: Calculations at the M06-2x/lanl2dz/6-311g/PCM(THF) 
level for: top, the C-H borylation process. 

In contrast to the reactivity of the (7-DIPP)Zn-alkynyl complex 
12 with HBPin (an endergonic reaction), the reaction of the phe-
nyl derivative, 8, with HBPin furnishes the zinc-hydride com-
plex 11, indicating an exergonic reaction. Examining this trans-
formation confirmed the transmetalation of [8-THF]+ with 
HBPin to form [11-THF]+ and PhBPin is exergonic (by 9.0 
kcalmol-1, Figure 13). Inspection of the electronic structure of 
[8-THF]+ and [12’-THF]+ for any significant differences re-
veals closely comparable LUMOs (for the LUMO of [8-THF]+ 
see Figure 13), but distinct occupied frontier orbitals. For [8-
THF]+, the HOMO has significant Zn-C sigma bond character; 
however, for the alkynyl analogue, [12’-THF]+, the HOMO has 
PhCC  character. It is the lower in energy HOMO-8 of [12’-
THF]+ that is the highest energy occupied orbital that contains 
significant Zn-C sigma bond character, which indicates a re-
duced nucleophilicity of the zinc-alkynyl moiety relative to the 
zinc-phenyl. Regarding the thermodynamics of -bond metath-
eses, recent work has determined that the bond dissociation en-
ergy for the C-B bond in alkynyl-boronic acids is significantly 
(ca. 25 kcal mol-1) greater than the C-B bonds in phenyl boronic 
acids.33 This indicates that the zinc-alkynyl bond in (7-DIPP)-
Zn compounds has to be significantly stronger than the Zn-Ph 
bond for the reaction of zinc-hydride 11 and 6a to form HBPin 
/ 12 to be thermodynamically favored. This difference is further 
supported by the isodesmic reaction (bottom inset, Figure 13) 
between PhBPin/[12’-THF]+ and 6e/[8-THF]+ which is found 
to be significantly exergonic. We attribute this to the greater C 
2s orbital character in the Zn-C(alkynyl) bond relative to that in the 



 

Zn-C(Ph) bond. This will lead to a greater degree of +Zn-C- po-
larization for the alkynyl derivative and thus a greater electro-
static contribution enhancing the Zn-C bond strength relative to 
the phenyl derivative as discussed previously for other series of 
organometallic complexes.34 Due to the difference in the re-
spective valence orbital energies of Zn and B this effect will be 
greater for organozinc species than organoboron species. Con-
sistent with this hypothesis is the observation that the magni-
tude of positive charge on zinc is greater in the alkynyl deriva-
tive [12’-THF]+ relative to the phenyl derivative [8-THF]+ 
(+1.391 compared to +1.366) based on NBO calculations. 

 

Figure 13: The exergonic metathesis of [8-THF]+ and HBPin. 
Inset, key select frontier orbitals of [12’-THF] and [8-THF]+ (iso 
surface value = 0.04). Bottom, the isodesmic reaction between Zn-
C/B-C species. 

Alkyne Hydrozincation: 

The energetic feasibility of internal alkyne hydrozincation was 
next explored. The fact that hydroboration is not observed in 
THF or in benzene at lower temperatures (≤ 60oC) suggested a 
significant barrier (as the Zn-C/H-B metathesis steps explored 
in this work have all been found to be facile). Hydrozincation 
calculations utilized the internal alkyne 13, where the Zn-
alkenyl products, 14, are observed spectroscopically. Calcula-
tions indicated that while the hydrozincation of alkyne 13 using 
[11-THF]+ was significantly exergonic the transition states 
(TS2 and TS3, Figure 14) were found to be relatively high in 
energy (compared to TS1) in both cases. These barriers are con-
sistent with the requirement for heating for internal alkyne hy-
drozincation/hydroboration to occur. The highly exergonic na-
ture of alkyne hydrozincation indicates it will proceed irrevers-
ibly, consistent with it being the thermodynamic pathway. In-
spection of TS2 (TS3 is extremely similar in character) reveals 
a considerable deviation from linearity of the alkyne moiety (C-
C≡C angles are 143° and 153o), elongation of the C≡C bond (to 
1.25 Å) and the Zn-H bond (from 1.65 Å in [11-THF]+ to 1.74 
Å in TS2) and contraction of the C-H distance (to 1.79Å). Thus 
these calculations support the feasibility of the mechanism pro-
posed in figure 7. 

Figure 14: The calculated transition state and product energies (in 
kcal mol-1) for the hydrozincation of 13 with [11-THF]+. 

NHC Dependency: 

Finally, the dramatic disparity in catalytic performance ob-
served between 7-DIPP and IDIPP was investigated. One major 
difference between the two series of (NHC)Zn compounds is 
the relative accessibility of the respective three coordinate zinc 
complexes. The binding of a second molecule of THF to 
[(IDIPP)Zn(H)THF]+, [16-THF]+

, to form [16-THF2]+ (Figure 
15, top) is exergonic by 7.6 kcal mol-1 (calculated at the M06-
2x/cc-pVTZ level for comparison with the 7-DIPP analogue see 
Figure 11). The exergonic nature of this step is in contrast to the 
energetically neutral nature of THF binding for the 7-DIPP an-
alogue [11-THF]+. As observed for [11-THF2]+ binding of two 
THF molecules to zinc increases the energy and alters the char-
acter of the LUMO which in both [11-THF2]+ (Figure 11, bot-
tom) and [16-THF2]+ (Figure 15, bottom) is higher in energy 
and has no significant character on zinc in contrast to the three 
coordinate mono-THF congeners [11-THF]+ and [16-THF]+ 
(the LUMO for [16-THF]+ is closely comparable to that calcu-
lated for [11-THF]+, see figure 11).  

 

Figure 15: Top, exergonic binding of a second molecule of THF at 
298 K (in kcal mol-1) to [16-THF]+. Inset left, LUMO of 
[(IDIPP)ZnH(THF)2]+ ([16-THF2]+) at isosurface value =0.04 
(most hydrogens omitted for clarity), inset right solid state structure 
of [9-THF2], select bond distances (Å) = Zn-CPh

.= 1.982(3), Zn-
CNHC = 2.044(3), Zn-O = 2.134(2) and 2.044(2). 

To confirm that (IDIPP)Zn(NTf2)Y (Y = H, Ph or alkynyl) com-
plexes can indeed coordinate two molecules of THF we at-
tempted to crystallize a number of (IDIPP)Zn(NTf2)Y com-
plexes from THF. Crystals of 9 formed from THF/hexane, and 
analysis of these by X-ray diffraction revealed that 9 did indeed 
crystallize with two molecules of THF bound to the zinc center 
with the NTf2 anion well separated (the cationic portion of this 
salt is termed [9-THF2]+). The disparity between the observed 
solid state structures of 7-DIPP (3 coordinate with only one 
THF molecule binding) and IDIPP (4 coordinate at Zn with two 



 

THF molecules binding) analogues deposited from THF is con-
sistent with the DFT calculations on the relative energetics of a 
second molecule of THF binding to zinc. The enhanced steric 
impact of the 7-DIPP ligand relative to IDIPP is demonstrated 
by the lower %Vbur of IDIPP in [9-THF2]+ (35.6%) relative to 
7-DIPPZn analogues (7-DIPP analogue 8 which is also four co-
ordinate due to NTf2 binding bidentate has a %Vbur = 47.2%). 
Therefore we attribute the observed disparity in catalytic reac-
tivity between the 7-DIPP and IDIPP congeners to: (i) the pref-
erence for different coordination numbers at zinc when ligated 
by IDIPP (coordination number 4) Vs 7-DIPP (coordination 
number of 3); (ii) the greater thermal stability of the 7-DIPP 
species, such as 8, 11 and 12, relative to their IDIPP congeners 
(the IDIPP congeners are observed to more rapidly form insol-
uble species in the presence of HBPin, presumably ZnH2 and/or 
metallic zinc, during catalytic reactions) enabling superior cat-
alyst longevity. 

 

Conclusions 
The viability of Zn-C / H-BPin -bond metathesis for sp, sp2 
and sp3 C centers has been demonstrated. This step allows for 
zinc hydride complexes to be utilized in catalytic borylation re-
actions. This has been exemplified herein by developing zinc-
hydrides that enable both the C-H borylation of terminal al-
kynes and the hydroboration of internal alkynes using the com-
mercial borane HBPin. The latter reaction can proceed via an 
uncatalyzed alkyne hydrozincation. The two borylation pro-
cesses can be combined to generate a one-pot zinc catalyzed 
transformation of terminal alkynes that selectively produces the 
desirable 1,1-diborylated alkene products. This process repre-
sents an earth abundant base metal alternative to the established 
catalytic routes to 1,1-diborylated alkenes (these all currently 
rely on noble or Co transition metal catalysis both metals that 
have extremely low permitted daily exposure values in contrast 
to zinc).9 Mechanistic studies and DFT calculations support the 
intermediacy of organozinc species, zinc-hydrides and Zn-C/H-
B -bond metathesis in both these catalytic processes. Finally, 
extremely bulky N-heterocyclic carbenes are vital for these 
borylation reactions, a phenomenon attributable to the larger 
NHC providing enhanced thermal stability and access to low 
(three) coordinate (NHC)Zn cations. Highly electrophilic yet 
Brønsted basic low coordinate, (NHC)Zn-H catalysts offer sig-
nificant potential for developing new catalytic transformations 
a number of which are currently under development in our la-
boratory. 
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