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ABSTRACT: Enantiopure homoallylic boronate esters are versatile intermediates because the C–B bond in these compounds can be 
stereospecifically transformed into C–C, C–O and C–N bonds. Regio- and enantioselective synthesis of these precursors from 1,3-
dienes has few precedents in the literature.  We have identified reaction conditions and ligands for the synthesis of nearly enantiopure 
(er >97:3 to >99:1) homoallylic boronate esters via a rarely seen cobalt-catalyzed [4,3]-hydroboration of 1,3-dienes.  Monosubstituted 
or 2,4-disubstituted linear dienes undergo highly efficient, regio- and enantioselective hydroboration with HBPin catalyzed by 
[(L*)Co]+[BARF]–, where L* is typically a chiral bis-phosphine ligand with a narrow bite angle.  Several such ligands (examples: i-
PrDuPhos, QuinoxP*, Duanphos and, BenzP*) that give high enantioselectivities for the [4,3]-hydroboration product have been iden-
tified.  In addition, the equally challenging problem of regioselectivity is uniquely solved with a dibenzooxaphosphole ligand, (R,R)-
MeO-BIBOP.  A cationic cobalt(I) complex of this ligand is a very efficient (TON >960) catalyst, while providing excellent regiose-
lectivities (rr >98:2) and enantioselectivities (er >98:2) for a broad range of substrates.  A detailed computational investigation of the 
reactions using Co-complexes from two widely different ligands (BenzP* and MeO-BIBOP) employing B3LYP-D3 density func-
tional theory provides key insights into the mechanism and the origins of selectivities.  The computational results are in full agreement 
with the experiments.  For the complexes we have examined thus far, the relative stabilities of the diastereomeric diene-bound com-
plexes [(L*)Co(h4-diene)]+ leads to the initial diastereofacial selectivity, which in turn is retained in the subsequent steps, providing 
exceptional enantioselectivity for the reactions. 

INTRODUCTION  
 
     Enantioenriched a-stereogenic organoboranes are versatile 
intermediates in organic synthesis because the C-B bonds can 
be stereospecifically converted into to C–C, C–O, and C–N 
bonds (Figure 1 A).1  Development of efficient, enantioselective 
methods for the synthesis of this class of compounds has re-
ceived enormous attention.2  One of the most versatile and se-
lective processes for the synthesis of chiral organoboranes is 
through enantioselective hydroboration of olefins.  Enantiose-
lective hydroborations of simple and activated alkenes includ-
ing vinylarenes are well established.3  In sharp contrast, the cat-
alytic regio- and enantioselective hydroborations of conjugated 
1,3-dienes still remain an underdeveloped research area, mostly 
because of the formidable challenges involved in managing the 
regioselectivity, as a myriad of outcomes are possible even for 
a simple hydrofunctionalization reaction as shown in Figure 1 
B.4  Multiple HBPin additions could be another detraction.  If 
successful, regio- and stereoselective hydroboration of 1,3-
dienes would provide a variety of homoallylic (1,2/4,3-addi-
tions) or allylic [2,1]/[3,4]/[1,4]/[4,1]-additions) boronates all 
of which are highly valuable synthons as the latent functional 
groups can be elaborated further.5  Since secondary homoallylic 
boronates among these adducts can be stereospecifically 

oxidized to homoallylic alcohols, this catalytic approach will be 
complementary to other catalytic procedures6a-d and the classi-
cal Brown’s stoichiometric allylation of aldehydes and its vari-
ations.6e-h These reactions have found numerous applications in 
the synthesis of bioactive molecules.7 
     In transition metal-catalyzed hydroboration of acyclic 1,3-
dienes, there are many examples of the ‘anti-Markovnikov’ ad-
ditions where boron adds to the least hindered C1-carbon of a 
1,3-diene either in a [1,2]- or a [1,4]-manner,8 even though en-
antioselective variations of these reactions in prochiral acyclic 
dienes have been rare.9  To this end, our group disclosed a co-
balt-catalyzed [1,2]-hydroboration of prochiral 1,3-dienes with 
HBPin employing chiral phosphinooxazoline complexes of 
low-valent cobalt (Figure 1 D).10  However, the addition of bo-
ron at the more sterically hindered, C4 position (i.e., to give 
[4,3]-or [4,1]-hydroboration) with high enantioselectivity re-
mained an unmet challenge; moreover, this process from read-
ily available 1,3-dienes would be complementary to some of the 
procedures listed earlier (see, for example Ref 2) for the synthe-
sis of functionalized chiral homoallyl boronates.  The first achi-
ral regioselective Markovnikov addition of a boronate ester at 
the more sterically hindered C4-position of 4-substititued 1,3-
dienes was reported by Huang et al. (Figure 1 C).11  However, 
this method required aryl substituents at the 4-postion for high 
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regioselectivity, and simple alkyl-substituted  linear 1,3-dienes 
lead to poor regioselectivity with [1,4]-adducts formed as the 
major product.  Recently, while our manuscript was in prepara-
tion,12 Diver et al. reported13 [4,3]-hydroborations of 2,4-disub-
stituted 1,3-dienes, using chiral ligands in a Cu-catalyzed 

protoborylation.9  This reaction gave good regioselectivities 
(ranging from 3:1 to 20:1), but modest enantioselectivities (er 
of 83:17 to 93:7) (Figure 1 D).  This protocol is also limited to 
2,4-disubstituted 1,3-dienes.

 
Figure 1.  A.  Importance of chiral secondary boronates prepared via HBPin or other borane sources.  B. Regioselectivity conventions used 
in this paper (ref 5).  C. Examples of uncommon hydroboration at C4 of a 1,3-diene.  D. Ligand control in Co-catalyzed [1,2]- vs [4,3]-
hydroboration of 1,3-dienes (this work). 
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Since there is a dearth of reports on the synthesis of the versa-
tile enantiopure secondary homoallylic boronates from read-
ily available aliphatic 1,3-diene precursors, we wondered if 
ligand control could be exercised in the cobalt-catalyzed hy-
droboration to achieve such unusual [4,3]-addition of HBPin 
to 1,3-dienes (see Figure 1 B for numbering conventions used 
in this paper for specifying regioselectivity5).  This paper doc-
uments our efforts in the area which culminated in the identi-
fication of several ligands including MeO-BIBOP (Figure 2), 
that gave high regio- and enantioselectivities for [4,3]-hydrob-
oration products from 2,4-disubstituted as well as linear 
mono-substituted 1,3-dienes (R1 = alkyl or H, Figure 1 D).  
Accompanying computational studies provide key insights 
into the overall mechanism of these reactions and elucidate 
the possible origins of the observed regio- and enantioselec-
tivities. 
 
RESULTS AND DISCUSSION 
 
Experimental optimization of regio- and enantioselective 
4,3-hydroboration of 2,4-disubstituted 1,3-dienes.  We 
started the optimization studies with hydroboration of a pro-
totypical 1,3-diene, (E)-2-methyl 1,3-octadiene (1a) using pi-
nacolborane (HBPin) under conditions known to generate a 
cationic Co(I)-catalyst (LCoBr2/Zn/NaBARF).10,14  This reac-
tion gave varying amounts of products corresponding to [4,3]-
(2a), [4,1]-(2b), [1,4]-(2c) and [1,2]-(2d) addition of the bo-
rane (Table 1).  In a systematic examination of ligand effects, 
more than 40 ligands were explored, and the most significant 
results are shown in Table 1.  A more complete list of ligands 
and their effect on selectivities are included in the Supporting 
Information (Table S1, p. S37).  Systematic examination of 
solvents revealed that while methylene chloride and diethyl 
ether were acceptable, the latter was found to be the solvent 
of choice with minimal side reactions, especially for the for-
mation of the [4,1]-adduct 2b with some of the ligands (vide 
infra).  Among the activators NaBARF was found to be the 
best choice for the generation of a cationic Co(I) intermediate, 
which is presumed to be the active catalyst in these reactions 
(Table S2-S3, p. S39).10, 14  Examination of the results in Table 
1 reveals that unlike the phosphinooxazoline ligands which 
gave mostly the [1,2]-hydroboration product (2d) irrespective 
of the substitution pattern of the phosphine on the oxazoline 
ring,10 chelating bis-phosphines have a dramatic effect on the 
regioselectivity of the hydroboration process depending on 
the backbone scaffolding.  Most common achiral 1,n-bis-dia-
rylphosphinoalkanes (dppm, dppe, dppp) and ligands like 
dpppbz, DPEPhos and XantPhos, gave the [1,2]-hydrobora-
tion product (2d) in greater that 90% selectivity over other re-
gioisomers (Table 1, entry 1).  See Supporting Information for 
the names and structures of the ligands (Figure S1, p. S38) and 
Table S1 (p. S37) for a more complete list of selectivities, as 
seen with other ligands.  1,1’-Diphenylphosphinoferrocene 
(dppf) showed the formation of the uncommon [4,3]-hydrob-
oration product along with the 1,2-adduct (2a:2d = 40:58, en-
try 2).  Likewise, bis-1,2-dicyclohexylphosphinoethane 
(dcype) gave nearly 1:1 regioselectivity for the [4,3]- and 
[1,2]- hydroboration products (entry 3).  Among the chiral cat-
alysts, the Co-complex of (S,S)-BDPP gave a comparable pro-
portion (up to 40%) of the 4,3-hydroboration product along 
with exceptionally high enantioselectivity (er >99:1; Table 1, 
entry 4). These results prompted us to initiate an exhaustive 

screening of various other chiral bis-phosphine ligands (Fig-
ure 2) with the goal of achieving high regio- and enantioselec-
tivities for the [4,3]-adduct 2a. 
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Table 1.  Ligand Effects on Regio- and Enantioselective Hydroboration of 2-Methyl 1,3-octadiene (1a)a 

 
entry ligand (L) time (h) conv. (%)b regioisomeric ratiob 

2a [4,3]:2d [1,2]: 2b+2c 
er of 2ac 

1 dppp 0.5 100 4:94:2 rac 
2 dppf 15 100 40:58:2 rac 
3 dcype 6 100 44:49:7 rac 
4 (S,S)-BDPP 0.5 100% 40:60:0 >99:1(R) 
5 Josiphos-1 6 100% 47:30:11 nd 
6 Josiphos-2 0.5 100% 72:24:4 >99:1 
7 (R,R)-Me-BPE 1 100% 29:71:0 82:18 
8 (R,R)-Et-BPE 1 100% 38:62:0 95:5 
9 (S,S)-Et-DuPhos 12 100% 26:69:5 94:6 
10 (R,R)-iPr-DuPhos 2 100%(74%) 82:4:14 >99:1(S) 
11 (R)-QuinoxP* 1 100% 75:9:15 >99:1(R) 
12 (S,S)-BenzP* 0.5 100%(70%) 77:8:15 >99:1(S) 
13 (1R,2S)-Daunphos 0.5 100%(81%) 91:5:4 >99:1(R) 
14 (R,R)-BABIBOP 9 100% 90:7:3 97:3 
15 (R,R)-tBu-BIBOP 0.5 100% 53:20:27 >99:1 
16 (R,R)-Ph-BIBOP 6 100% 1:2:96 nd 
17d (R,R)-MeO-BIBOP 0.5 100%(82%) 98:1:1 >99:1(S) 
a. See SI Procedure A (p. S29) for experimental details.  See Figure 2 for structures of the ligands.  See also Figure S1 in SI, p. S38.  
b.  Conversion and regioisomeric ratios were determined via GC-FID.  In parentheses are the isolated yields for major product, 2a.  
c.  Enantiomeric ratios were determined via CSP-GC (Cyclosil B column) where baseline separation of boronates was observed.  d. 
1 equivalent of HBPin and 1.1 equivalent of 1,3-diene were used with 1 mol% catalyst, 2 mol% NaBARF, 50 mol% Zn.

 
    Among ferrocene-derived chiral ligands Josiphos-2 (entry 
6) gave a good level (72%) of regioselectivity for the [4,3]-
hydroboration product with excellent enantioselectivity (er 
>99:1).  Ligands in the bis-phospholano-series, 1,2-bis-phos-
pholanoethanes, [(R,R)-Me-BPE and (R,R)-Et-BPE, entries 7 
and 8] gave only modest regioselectivity but good enantiose-
lectivity.  Structurally related 1,2-bis-phospholanobenzenes, 
[(S,S)-Et-DuPhos and (R,R)-iPr-DuPhos, entries 9,10] gave 
modest to good regioselectivity, with the (R,R)-iPr-DuPhos 
(entry 10), giving up to 82% of the [4,3]-hydroboration prod-
uct along with excellent enantioselectivity (er >99:1).  How-
ever, significant amounts of the isomerization product 2b was 
also formed in this case.  Three other ligands (entries 11-13, 
see SI p. S126-S128 for CSP GCs showing enantiomer sepa-
rations) which give er >99:1 for the [4,3]-adduct are 
QuinoxP*, BenzP* and Duanphos, with the last one also 
showing excellent regioselectivity (>91% of the [4,3]-iso-
mer).  Recognizing that ligands with small bite angles (as cal-
culated from the solid-state structure of the LCoBr2 com-
plexes: QuinoxP* 91.29°; BenzP* 87.38°; Duanphos 87.68°; 
(R,R)-iPr-DuPhos 89.02° versus (S,S)-BDPP 97.30°)15 tend to 

give better selectivity, we turned to a series of tunable ben-
zooxaphosphole (BIBOP) ligands16 with the hope of further 
improving the regioselectivity (entries 14-17).  While the par-
ent system with only a t-butyl P-substituent (t-Bu-BIBOP) 
gave only a modest regioselectivity (entry 15), a 4,4’-di-
methoxy derivative (entry 17, bite angle 87.41°) was out-
standing in delivering exceptionally high regio- (rr = 98:2) 
and enantioselectivity (er >99:1) for the 4,3-adduct [GC: SI, 
p. S115; CSP GC: SI, p. S126).  Anecdotally, we also ob-
served that the successful ligands, which yielded high selec-
tivities (BenzP*, Duanphos, t-Bu-BIBOP, MeO-BIBOP) also 
have outstanding catalytic activities.  Finally, a BIBOP ligand 
with a biaryl motif, BABIBOP (entry 14) also gave acceptable 
levels of selectivity (rr 90:10 and er 97:3), but the reaction was 
found to be unusually slow (9 h under otherwise identical con-
ditions versus ~ 0.5 h with catalysts such as with ligands t-Bu-
BIBOP, MeO-BIBOP).  Indeed, the catalyst prepared from 
MeO-BIBOP also showed outstanding reactivity with as little 
as 1 mol% [MeO-BIBOP]CoBr2, 2 mol% NaBARF and 50 
mol% Zn for the reaction to complete in 30 minutes, along 
with excellent regio- and enantioselectivities.  Given longer 
reaction times (48 h), this reaction can be carried out on a 2-
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gram scale, with 0.1 mol% of the catalyst giving 96% isolated 
yield (vide infra Figure 4 A Eq 1). 
 
 
Table 2.  Cobalt Sources and Other Reducing Agents  

 
no. X in CoX2 reductant 

(mol%) 
NaBARF 
(mol%) 

time 
(h) 

conv. regioselectivity 
[4,3]:[4,1]:others 

er of 
[4,3] 

1 acac none 0 24 40 1:2:97 -- 
2 acac Zn (50) 0 24 50 1:2:97 -- 
3 acac none 2 1 100 98:1:<1 >99:1 
4 acac Zn (50) 2 0.5 100 98:2:0 >99:1 
5 OAc Zn (50) 2 2 100 98:2:0 >99:1 
6 Br none 0 24 0 -- -- 
7 Br none 2 1.5 100 98:2:0 >99:1 
8 Br Zn(5) 2 0.5 100 98:2:0 >99:1 
9 Br Li3N (20) 2 0.5 100 98:2:0 >99:1 
10a Br TMS-Py (5) 2 0.5 100 97:3:0 >99:1 
a.  TMS-py: 1,4-bis(trimethylsilyl)1,4-dihydropyrazine 

 

Co-Precursors and Reducing Agents.  Since it is known that 
in some cobalt-mediated hydroboration reactions using 
Co(OAc)2 or Co(acac)2 complexes as precursors instead of the 
halides, HBPin itself can act as a reducing agent for the Co(II) 
complex,17 we briefly examined these precursors, and the re-
sults are shown in Table 2 (entries 1-5).  For details, see Table. 
S7, p. S41. Thus LCo(acac)2 complex (L = (R,R)-MeO-
BIBOP) in the absence of Zn or NaBARF, catalyzed the 
HBPin addition to the typical substrate (E-2-methyl-1,3-octa-
diene) in a sluggish reaction (<50% conversion, 24 h, rt) giv-
ing a mixture of regioisomeric products in which the desired 
4,3-adduct 2a was only a minor component (entries 1 and 2).  
Most interestingly, the LCo(acac)2 complex in the presence of 
2 mol% NaBARF (no Zn!) gives 82% of the 4,3-adduct in an 
er of >99:1 in 1 h at room temperature (entry 3).  In previous 
work, we have seen similar reactivity (i. e., reaction in the ab-
sence of Zn) in 1,2-hydroboration of 1,3-dienes with 
(L)Co(Cl)2 [L = dppp, Ph-PHOX, Figure 1 D).10  Addition of 

50 mol% Zn along with 2 mol% NaBARF accelerates the re-
action giving comparable yield in much shorter time (entry 4) 
and these conditions were found to be the most optimal.  Un-
der identical conditions, the corresponding LCo(OAc)2 com-
plex behaved similarly, giving 80% yield of the product in 2 
h (entry 5). 
     Effect of different reducing agents for the reduction of the 
LCoBr2 complex is shown in entries 6-10.  See Table S6, p. 
S41. In the absence of any reducing agent and NaBARF there 
is no reaction (entry 6).  As expected, NaBARF alone (2 
mol%) in the presence of HBPin is a viable option giving a 
relatively slow reaction (entry 7).  Presumably the cationic 
Co(II) complex formed under these conditions could be re-
duced by HBPin.  Two other reagents we found useful for this 
reduction are Li3N18 and 1,4-bis(trimethylsilyl)1,4-dihydro-
pyrazine (Mashima’s reagent)19 as shown in entries 9 and 10.  
In the end we chose Zn based on its cost, availability, and ease 
of use. 
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Figure 2.  Partial list of chiral bis-phosphine ligands investigated for enantioselective hydroboration of 1,3-dienes.  For a full list see SI, 
Figure S1, p. S38.  Solid-state structures of the best precatalysts LCoBr2 [L = (S,S)-BenzP*, (1R,2S)-Daunphos, (R,R)-MeO-BIBOP]. These 
structures have been deposited at CCDC and have the following numbers: 2151426, 2151424, 2151425 in order.  While this article was under 
review, structure 2151426 (LCoBr2 [L = (S,S)-BenzP*] was recently disclosed by us (see ref. 15). 
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Scope of substrates in the enantioselective [4,3]-hydrobo-
ration of 2,4-disubstituted 1,3-dienes.  After we identified 
(R,R)-MeO-BIBOP as the most suitable chiral ligand for the 
highest overall selectivities in the [4,3]-hydroboration of a 
2,4-disubstitued 1,3-diene, we set out to explore the scope of 
this reaction under the optimized condition.  The results are 
shown in Figure 3.  Various primary, secondary alkyl and cy-
cloalkyl substituents at the 2-position of 1,3-octadiene and 
1,3-nonadiene were explored for hydroboration with HBPin.  
Good yields of the 4,3-hydroboration products (2-4) were ob-
tained nearly as a pure regioisomer (rr >95:5) with excellent 
enantioselectivity (er >99:1).  The enantiomeric ratios of the 
products were determined by CSP GC of the boronate itself, 
the alcohol derived via perborate oxidation of the boronate, or 
the corresponding acetate from the alcohol (Scheme 1, see 
Supporting Information for details, Procedures G and H, p. 
S34-S35). 
    Products from 2-silyloxy (5) and 2-acetoxy (6) dienes show 
that these sensitive functional group can survive under our re-
action conditions, which are relatively more tolerant as com-
pared to the corresponding copper-catalyzed protoboration, 
9,13 which are carried out with up to 40 mol% of t-BuOK.  Both 
the silyl enol ether (5) and the enol acetate (6) are formed in 
excellent regio-and enantioselectivity.  
 
Scheme 1.  Derivatization of the boronate for determina-
tion of er 

 
The enantioselectivity in the enol acetate 6 was measured on 
an acetyl migration product, (S)- 4-acetoxy-oct-2-one (SI, p. 
S54, S147-S150), formed upon oxidative cleavage of the 
boronate 6.  The products (7-i–7-iii) show that aryl and het-
eroaryl (thiophene and indole) groups are acceptable at the 2-
position.  For further elaboration of the primary hydroboration 
products into other derivatives including cyclic motifs, sub-
stituents on the 4-alkyl chain are important and products with 
such substitution are illustrated with examples 8-14 in Figure 
3.  These substrates also show the remarkable functional 
group compatibility of the hydroboration conditions.  Thus a 
4-methoxyphenyl-thioether (8) and a 2-bromophenyl ether (9) 
are tolerated and the products are formed with excellent regio- 
and enantioselectivity in each case.  Remarkably a chloroalkyl 
substituent on C4 has no adverse effect on the efficiency or 
selectivity of the 4,3-hydroboration (10).  An unprotected hy-
droxyl group on the sidechain is acceptable even though the 
yield of the reaction is somewhat reduced under the standard 
conditions.  The corresponding –OTBS ether or the mesylate 
restores the reactivity and very good yields of the correspond-
ing [4,3]-adducts are obtained (12, 13).  Only a single enanti-
omer is seen in most of these reactions.  Surprisingly an azide 
functionality is tolerated in this reaction (14). 

 

R2

R1

BPin

R2

R1

OH

NaBO3 (3 equiv.), 
THF:H2O (1:1, 0.1M)

2 h to 24 h, rt

Ac2O, DMAP,
Et3N, CH2Cl2

3 h to 24 h, rt
R2

R1

OAc



 8 

 
Figure 3.  Scope of substrates in hydroboration of 2,4-disubstitued 1,3-dienes.  See Supporting Information for experimental details.  er 
determined by CSP GC of the boronate, the alcohol derived from the boronate or the corresponding acetate (Scheme 1).  a. Absolute config-
uration of 2a was determined by conversion into the corresponding alcohol whose specific rotation was compared to that of an authentic 
sample (see SI, p. S48)20  Those of other boronates were assigned by analogy.  See Supporting Information for details.  b. Yield was deter-
mined by NMR.  c. (S,S)-MeO-BIBOP was used.  d. er determined on (S)-4-acetoxy-octan-2-one which is formed upon oxidation of the 
boronate 6 (see SI, p. S54). e. 3 mol% of (R,R)-MeO-BIBOP was used. 

 

Gram-scale synthesis.  The [(MeO-BIBOP)Co]+ [BARF]–-
catalyzed [4,3]-hydroboration is a very efficient reaction that 
can be carried out on a gram scale using as little as 0.1 mol% 
of the catalyst.  Under the conditions shown in Figure 4 A, the 
[4,3]-hydroboration product from (E)- 2-methyl-1,3-octadi-
ene is formed almost exclusively as a single regioisomer 
(96%), isolated by simple filtration of the crude product over 
silica gel (see SI, p. S33). 
The [4,1]-hydroboration product.  Solvent effect, diethyl ether 
vs CH2Cl2.  A remarkable solvent effect was observed in the 
[(MeO)BIBOP]Co]+-catalyzed reaction.  When the reaction 
was carried out in diethyl ether and with low concentrations 
of the catalyst, 97% of the [4,3]-hydroboration product 2a was 
obtained.  Under similar conditions, but with higher concen-
tration of the catalyst, and in CH2Cl2 up to 95% of the [4,1]-
product 2b was observed (Figure 4 B, see SI, p. S70, p. S188-
S192).  The enantioselectivities for both products 2a and 2b 
remain at er >99:1 (see SI, p. S190).  Indeed, isolated 2a can 

be readily isomerized into 2b under the reaction conditions in 
CH2Cl2. (Figure 4 C).  The structure and absolute configura-
tion of the alcohol (S)-(–)-derived from [4,1]-product 2b was 
confirmed by comparison of spectral characteristics and spe-
cific rotation with those of an authentic sample described in 
the literature.21  
An Application.  Synthesis of a C1-methallyl pyranoside.  Past 
applications of several allyl and homoallyl alcohol intermedi-
ates prepared during this study for the synthesis of polyketides 
and other molecules are mentioned in the text in connection 
with the establishment of absolute configuration of these 
products.  A straight-forward synthesis of an enantiomerically 
pure methallyl pyranoside (Figure 4 D, 15) further illustrate 
one of the myriad of possibilities for the use of functionalized 
boronates for the synthesis of cyclic derivatives. 
 
 
 

 

                HBPin (1 equiv.),
1 mol% (L)CoBr2, 2 mol% NaBARF,
50 mol% Zn, rt, diethyl ether (0.1M)

R2

BPin

R1

C4H9

BPin

Me

2-14(1-1.1 equiv.)

P
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P

O

OMeMeO

(R,R)-MeO-BIBOP
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BPin

AcO

BPin

Me
Cl

BPin

Me
S
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Me O

Br BPin

Me FG

2a, 82% yield,
rr > 98:2,
er >99:1a

3, 84% yield,
rr > 98:2
er >99:1

4, 93% yield,
rr > 99:1,
 er >99:1

5, 85% yieldb,c

rr = 95:5,
er >99:1

6, 65% yield,
rr = 93:7,
er >99:1d

7-i, 64% yield,
rr = 98:2,
er >99:1

8, 76% yield,
rr > 98:2,
er >98:2

9, 74% yieldc

rr > 95:5,
er >99:1

10, 87% yieldc

rr > 98:2,
er >99:1

FG =  OH
11, 60% yieldc,
rr = 97:3,
er >99:1

FG =  OTBS
12, 78% yieldc,
rr = 97:3,
er >99:1

FG =  OMs
13, 85% yieldc,
rr = 95:5,
er >99:1

FG =  N3
14, 52% yieldc,
rr = 95:5,
er >99:1

7-ii, 75% yield,
rr = 99:1,
er >99:1

7-iii, 29% yielde,
rr > 95:5,
er = 97:3

C6H13

BPin

C6H13

BPin

S

Me

BPin

NMe
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Figure 4. A. Gram-scale hydroboration of 1,3-dienes.  B. Solvent effect on regioselctivity.  Synthesis of [4,1]-hydroboration product in 
CH2Cl2.  C. Isomerization of [4,3]- adduct into [4,1]-adduct.  D. Use of functionalized boronates for the synthesis of a cyclic derivative.  

 

Enantioselective [4,3]-Hydroboration of Terminally Sub-
stituted 1,3-Dienes.  Terminal mono-substituted 1,3-dienes 
with a substituent at the C4 position (by the convention de-
fined in this paper)5 are among the most readily available pre-
cursors.22  Enantioselective hydroboration in this class of 
prochiral compounds using HBPin, with boron incorporation 
on an internal carbon (‘Markovnikov’ addition) is not known; 
however a related Pt-catalyzed enantioselective [4,1]-dibora-
tion using B2(Pin)2 has been reported by Morken.23  As for the 
hydroboration with base metal catalysts, previous work in-
cluding our own had shown that with common bis-phosphine 
and phosphino-oxazoline ligands mostly achiral [1,2]- and 
[1,4]-hydroboration products were formed in this reac-
tion.8a,8c,8d,8g,10,24  We wondered if the cobalt-complexes of the 
new ligands introduced in the present work for the [4,3]-hy-
droboration of 2,4-disubstituted 1,3-dienes would also give 
the unusual [4,3]-regioselectivity in the linear dienes thus 
providing access to nearly enantiopure secondary boronates 

that can be converted into homoallyl alcohols and other useful 
synthons which are widely used intermediates in synthesis.  
Delightfully, we find that indeed this is the case, and ligands 
with narrow bite angles, yield significant amounts of the 4,3-
hydroboration product 17a from (E)-nona-1,3-diene (16), as 
shown in Table 3.  Thus QuinoxP*, BenzP*, Duanphos and i-
PrDuphos gave nearly 1:1 mixture of the uncommon 4,3-ad-
duct 17a along with an achiral [1,2]-adduct 17d.  The structure 
of the secondary, homoallylic boronate (17a), was confirmed 
by comparison of its spectral characteristics with those of a 
product prepared by an alternate route (from vinyl boronate 
and allyl phosphate, 5 mol% Cu catalyst vis-à-vis from (E) 
nonadiene and HBPin with 0.1 mol% Co in the present route) 
described in the literature.25  Finally, as with 2,4-disubstitued 
1,3-dienes described earlier (Table 1, entry 17), (R,R)-MeO-
BIBOP gave up to 75% of the [4,3]-hydroboration product 
with an er >99:1, along with 24% of the other regio-isomers 
(entry 8). 

 
  

C4H9

Diethyl ether (0.5 M), rt, 48h

1, 1.05 equiv.,
9.27 mmol

Me

C4H9

Me

BPin

Me

C4H9

Me
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er >99:1

2b, 2%

HBPin (1.0 equiv, 8.83 mmol) 
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Solvent, 30 min

Me

C4H9

Me

BPin

Me

C4H9

Me

2a [4,3] 2b [4,1]

HBPin (1.1 equiv)
2.5 mol% (R,R)-MeO-BIBOPCoBr2,  
50 mol% Zn, 5 mol% NaBARF, BPin+

1, (0. 3 mmol) 97%, er >99:1
2%

2%
95%, er >99:1

Me

BPin OMs

1. Sodium perborate,
THF/H2O, 12 h
2. KOt-Bu, Diethyl ether,
0°C, 1 h

Me

O

ent-13, (er >99:1)

A

B D

15,
81% yield

CH2Cl2, 0.5 h
C4H9

Me

BPin

Me

C4H9

Me

2b [4,1]
75% yield
er >99:1

10 mol% HBPin
2.5 mol% (R,R)-MeO-BIBOPCoBr2,  
50 mol% Zn, 5 mol% NaBARF BPin

C

2a [4,3]
er >99:1

Solvent

Diethyl ether 
CH2Cl2



 10 

Table 3.  Ligand effects on regio- and enantioselective hydroboration of (E)-1,3-nonadienea 

 
entry Ligand L time (h)b regioisom. Ratio  

17a [4,3]:17d [1,2]:others 
er of 17a 

1 dppp 0.5  5:78:15 rac 
2 dcype 0.5  8:45:45 rac 
3 (S,S)-BDPP 0.5 16:75:9 90:10 
4 (R)-QuinoxP* 0.5 40:54:6 >99:1 
5 (S,S)-BenzP* 0.5 45:45:10 >99:1 
6c (1R 2S)-Daunphos 0.25 46:45:7 98:2 
7 (R,R)-i-PrDuPhos 1 42:51:17 >99:1 
8c (R,R)-MeO-BIBOP 0.25 75:3:21 >99:1 

a.  See Supporting Information for details.  b.  Time for 100% conversion. c. For entries 6 and 8: 1 mol% (L)CoBr2/2 mol% NaBARF/ 50 
mol% Zn. 

    Since [4,3] (‘Markovnikov’)-regioselectivity in hydrobora-
tion of linear dienes has not been reported before, other mono-
substituted linear 1,3-dienes were explored under the opti-
mized reaction conditions (1.0 mol% [(R,R)-MeO-
BIBOP]CoBr2, 2-5 mol% NaBARF and 50 mol% Zn, rt, in 
diethyl ether) and the results are shown in Figure 5.  It was 
found that primary alkyl chains, as the R1 substituent (Figure 
5), such as pentyl (17) and methyl (18), at the 4-position of 
the 1,3-diene lead to good levels of [4,3]-hydroboration with 
minor amounts of other regioisomers.  As before, enantiose-
lectivities for the [4,3]-products were excellent (er >99:1).  
The product 17 has been used as an intermediate for the syn-
thesis of S-Massoialactone.25a  Excellent chemoselectivity was 
observed for the hydroboration of a 1,3-diene (19) which was 
tethered to a free terminal alkene, demonstrating the ability of 
the [L][Co(I)]+ catalyst to selectively hydroborate the 1,3-
diene over a free alkene, along with good regioselectivity 
(81:19) and excellent enantioselectivity (er >97:3).  Alkyl 
chains carrying silyl ethers, such as 20 (OTBS) and 21 
(OTBDPS) which are ubiquitous in polyketide synthesis, are 
tolerated well on the 1,3-diene, with good regioselectivities 
and excellent enantioselectivities (er >97:3).  The structures 
and configurations of the homoallyl alcohols from secondary 
boronates 20 and 21 were confirmed by comparison of spec-
tral properties and specific rotations of authentic intermedi-
ates as reported by Sestilo26 and Smith27 in their synthesis of 
(–)-Barrenazin A  and (+)-Zampanolide respectively.  Benzyl 
substitution at the C4 position is tolerated as exemplified by 
the straight forward synthesis of known boronate adducts 222b 
and 23.25a  A different boronate structurally related 22 has 
been used as an intermediate for the synthesis of a lignan nat-
ural product, enterolactone.2b  Even though the regioselectivi-
ties in linear 1,3-dienes do not reach the levels seen in 2,4-
disubstituted dienes (Figure 3), the alcohol product from the 

oxidative cleavage of the boronate can be readily purified by 
column chromatography, thus providing a facile route to these 
highly versatile homoallylic alcohols.  Finally, the example 24 
illustrate the use of this chemistry for a double hydroboration 
of a linear 1,3-diene, which proceed in very good yield and 
excellent enantioselectivity.  The enantiomeric ratio (er 98:2) 
of the product was ascertained by CSP GC after conversion of 
the diboronate to a diol and subsequently to a diacetate.28  This 
route provides an attractive alternate to the related Morken’s 
Pt-catalyzed enantioselective diboration of linear 1,3-dienes.  
    Finally, a class of substrates that was found to give none of 
the ‘4,3’-hydoboration products was 4-aryl substituted termi-
nal 1,3-dienes like (E)-phenyl-1,3-butadiene.  The major 
product (85%, rr >99:1) for this substrate resulted from a 1,2-
hydroboration, using the (S,S)-BenzP* complex.  This com-
pound and a close analog, (E)-2-methyl-4-phenyl-1,3-butadi-
ene, surprisingly, failed to react under reaction with (R,R)-
(MeO)BIBOP-complex (Figure 5, highlighted). 
    A preparative scale reaction of (E)-1,3-nonadiene under 
conditions, as described in Scheme 2 gave (S)-(–)-non-1-en-
4-ol [(25)	[a]!"#.% = - 8.4 (c 1.0 in CHCl3; 97% ee)] in 59% 
isolated yield after oxidation and column chromatographic 
purification.  The enantiomer (R)-(+)-non-1-en-4-ol [[a]!"% = 
+ 9.00 (c 1.0 in CHCl3; 96% ee)] prepared by a stoichiometric 
Brown allylation, has been described in the literature.25b 

Scheme 2.  Preparative scale synthesis of 25 

 

 

5 mol% Co(L)X2
10 mol% NaBARF
50 mol% Zn

HBPin (1.05 equiv)
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1. HBPin (3 mmol)
  (R,R)-MeOBIBOP)CoBr2
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 Zn (50 mol%)
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Figure 5.  Scope of substrates in [4,3]-hydroboration of linear dienes.  a. See supporting information for details.  er determined by CSP GC 
of the boronate, alcohol derived from the boronate or the corresponding acetate (Scheme 1).  b. Using (S,S)-MeO-BIBOP. 

 

Catalytic methods for a-chiral homoallyl boronates. A close 
examination and comparison of this method with two other 
recently developed catalytic methods using pre-formed vinyl 
boronates,2b, 25a for the synthesis of a-chiral homoallyl boro-
nates reveal that our method is at least as competitive, yet 
uses, arguably, more user friendly precursors (dienes and 
HBPin versus vinyl boronates and other reagents like ArZnX 
or allylic phosphates).  Other favorable factors might be 
higher turnover numbers in the catalysts, and, comparable, if 
not better enantioselectivities in most instances where such 
data is available. 
 
Computational investigation of the mechanism: origin of 
regio- and enantioselectivities.  

     In order to rationalize the regio- and enantioselectivities 
observed in the hydroboration of 1,3-dienes, we chose two 
prototypical ligands (R,R)-BenzP* and (R,R)-MeO-BIBOP, 
which, despite their widely different structures, gave very 
high regioselectivities and excellent enantioselectivities for 
the [4,3]-product in the hydroboration of a number of 2,4-di-
substituted 1,3-dienes (Figure 6).  Additionally, these ligands 
gave opposite enantiomers of the product, thereby providing 
an opportunity to validate the methods used in these calcula-
tions in two disparate ligand systems.  
     Extensive details of the computations are included in the 
Computational Supporting Information (CSI) and are referred 
to here under specific page numbers indicated as CSI p.SX. 

1 mol% Co(L)Br2
2 mol% NaBARF
50 mol% Zn
HBPin (1 equiv.) R1

BPin

H
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Figure 6.  Ligand effects on regio- and enantioselectivity in 4,3-hydroboration of 1,3-dienes.

 

Computational methods. To gain further insight into the 
origin of the uncommon regio-and enantioselectivities in the 
hydroboration of 2,4-disubstituted 1,3-dienes, we utilized in 
silico methods, analyzing the overall mechanism of the reac-
tion, as well as the individual intermediates and transition 
states in what emerged as a preferred pathway for the hydrob-
oration from our initial investigations. Computations were 
performed using the Gaussian 16 suite of programs.29 The ge-
ometries were optimized using the B3LYP-D3 hybrid density 
functional along with Pople’s 6-31+G** basis set for all atoms 
except for the transition metal (cobalt).30 For all basis sets, 5d 
functions were used. The Stuttgart−Dresden double-ζ basis set 
(SDD) with an effective core potential was used for cobalt.31 
All of the stationary points were characterized as minima or a 
first-order saddle point (transition state) by evaluating the cor-
responding Hessian indices. The transition states (TSs) were 
verified by examining whether the stationary point has a 
unique imaginary frequency representing the desired reaction 
coordinate. Moreover, Intrinsic Reaction Coordinate (IRC) 
calculations were carried out to further characterize the true 
nature of each TS structures.32 The geometries obtained as the 
endpoints on the either side of the IRC trajectories were sub-
jected to further optimization to identify the pre-reacting com-
plexes and product intermediates. The zero-point vibrational 
energy (ZPVE), thermal, and entropic corrections obtained at 
298.15 K with B3LYP-D3/6-31+G**, SDD(Co) level of the-
ory are included in the Gibbs free energies.33 Furthermore, 
single-point energy calculations to explore solvation effects 
(SMD, Cramer-Truhlar continuum solvation model),34 differ-
ent functionals (e.g., B3LYP-D3, M06L, M06-D3, ωB97x-D 
and TPSSh) and basis sets (e.g., Pople’s 6-311+G** TZ basis 
set and Ahlrichs’ def2-TZVP basis set) confirmed the pre-
dicted trends of regio- and enantioselectivities (see CSI Table 
S4, p. S18 and Figure S13, p. S30 for (R,R)-BenzP* and Table 
S7, p. S33-34 and Figure S17, p. S44-45 for (R,R)-OMe-
BIBOP).35 All geometries were optimized as closed-shell sin-
glet states and the triplet energy profile was not considered.36 
It is worth noting that due to the sheer size of the BARF− 
counter anion, no coordination was anticipated and thus was 
not included in this computational study. For convenience of 
the computational calculations, we used (E)-2-methylpenta-
1,3-diene as our substrate. Experimentally this substrate and 

(E)-2-methylocta-1,3-diene gave very similar results (Figure 
6). 
Computational investigation of plausible mechanisms. 
Four distinct possibilities of how this reaction might proceed 
are summarized in Figure 7 A through Figure 7 D, with more 
intimate details of the most viable (vide infra) Oxidative Boryl 
Migration route shown in Figure 8 (see also CSI Figure S2, 
p. S3). The starting cobalt complex, [P~P]CoBr2, when re-
duced by Zn in the presence of NaBARF, makes a 12-electron 
cationic Co(I) complex, which is presumed to be the active 
catalyst in this reaction. The diene is a good candidate for 
binding with cobalt as it makes a stable 16-electron complex 
(Figure 7 A).37  Once this complex is formed, there is the pos-
sibility of an oxidative cyclization of the diene with the cobalt 
bound catalyst [(P~P)Co]+, thereby producing a five mem-
bered cobaltacycle intermediate (Figure 7 A).  The formation 
of this complex could be followed by HBPin addition to form 
the products. Another possibility is that oxidative addition of 
HBPin to the cobalt(I)-complex, [Co(P~P)]+ occurs first to 
form a Co(III)-intermediate, which is followed by ligation of 
the 1,3-diene (Figure 7 B). Successive migratory insertions of 
the double bonds into either Co-hydrogen or Co-boryl group 
could lead eventually to the products seen in these reactions 
(Figure 7 B). While investigating these two mechanisms, we 
found that neither the Co(III)-metallacycle (Figure 7 A) nor 
the Co(III)(BPin)(H)-adduct (Figure 7 B) is likely to be an in-
termediate in these reactions. In an attempt to find a transition 
state for oxidative cyclization (Figure 7 A, see also CSI Fig-
ure S3a, p. S4), we found that the metallacycle reverted back 
to the stable initial structure, i.e., the diene bound in a η4 fash-
ion, thus presenting no viable transition state for this reaction 
(CSI Figure S3b, p. S5). Neither could we locate any transi-
tion state for oxidative addition of HBPin with the catalyst 
(CSI, Figure S4a, p. S6). Repeating the same calculations 
with explicit solvation (SMD in solvent either DCM or diethyl 
ether) and a larger TZ basis set for oxidative addition of H–
BPin and oxidative cyclization resulted in no change from 
what was calculated for the gas phase (Figure S3a , p. S4 and 
Figure S4b, p. S7).  Indeed, we observed a different minimum 
with the oxygen atom of H–BPin coordinated to [[(R,R)-
BenzP*]Co]+ that does not undergo further elongation of H–
B bond for the cobalt atom to be inserted into this bond (see 
Figure S4b, p. S7). So, we excluded these routes (Figure 7 A 
and Figure 7 B) from among the possible mechanisms.

1-5 mol% [L]CoBr2
2-10 mol% NaBARF, 50 mol% Zn
rt, diethyl ether (0.1M), 30 min
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Figure 7.  Plausible mechanisms of (L*)[Co]+-catalyzed hydroboration of 1,3-dienes showing all observed products.

    We focused on the latter two possibilities (Figure 7 C and 
7 D), originally proposed for a cationic Ru(II)-catalyzed trans-
hydroboration of an internal alkyne.38  This mechanism was 
recently invoked successfully by Chen et al.,39 while discuss-
ing the origins of selectivities in the ligand dependent-HBPin 
addition to 1,3-dienes to give either [1,2]- or [1,4]-adducts as 
we reported in 2019.10  In this reaction, ligands 2-(oxazolinyl)-
phenyldiphenylphosphine (PHOX) or 1,2-bis-(diphe-
nylphosphino)ethane (DPPE) gives [1,4]-adducts and, 1,3-
bis-(diphenylphosphino)propane (DPPP) gives a [1,2]-ad-
duct.  In Figure 7 C and Figure 7 D, broad details of these 
mechanisms are shown in the context of the specific products 
([4,3]-, [4,1]-, [1,4]-, and [1,2]- additions) that are formed in 
the hydroboration of 1,3-dienes (see also CSI Figures S9-S10, 

p. S12-S14). We have considered all regio-isomeric products 
that are formed (Table 1) and the details are included in the 
CSI. In Figure 7C, the Oxidative Boryl Migration (OBM) 
from the newly formed [(P~P)Co(diene)(HBPin)]+ complex, 
followed by a reductive elimination with formation of the C-
H bond is shown. Further details of this mechanism which in-
volves an OBM that leads to the observed products, via [4,3]- 
and [1,2]-hydroborations, are shown in Figure 8.  Thus, the 
cationic CoI-species 26, leads to an η4-diene complex 27 and, 
subsequently to a HBPin adduct 28.  The species 28 can un-
dergo an OBM pathway that involves two steps, (i) boryl mi-
gration forming the C-B bond at either C1 (leading to 29a) or 
C4 (leading to 29b) of the diene.  The C4 addition generates a 
stereogenic center (at C4) and an η3-allyl-cobalt hydride 
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species.40  (ii) A reductive hydrogen migration from cobalt-
hydride 29a to the terminal carbons of η3-allyl species, C2 or 
C4 will give either the 1,2-product 31a (through 30a) or 1,4-
product (not shown since this product is not seen). Instead, if 
the OBM results in the migration of B to the C4 carbon, 29b 

will result, which by subsequent reductive elimination can 
give the major observed product, [4,3]-hydroboration (31b 
through 30b) or a [4,1]-hydroboration by H-migration to C1 to 
give 31c (through 30c).

 
 

 
Figure 8. Details of Oxidative Boryl Migration (OBM) followed by C-H Formation by reductive elimination (also, see Figure 7 C).   

 
 
     An alternative is an initial Oxidative Hydrogen Migration 
(OHM) followed by reductive elimination to form the C–B 
bond (Figure 7 D).  The details of this less likely process (vide 
infra) which result in [4,1]- and [1,4]-hydroboration products 
are shown in the CSI Figure S9, p. S12-S13. Figure S9 (p. 
S13) shows a side-by-side comparison of the OBM and OHM 
routes. The following numbers refer to structures in CSI Fig-
ure S9, p. S13. The OHM pathway follows a route starting 
with (i) oxidative hydrogen migration to the catalyst bound 
diene (Figure S9, S1-3) either to C1 (to give Figure S9, S1-7a) 
or to the C4 (to give Figure S9, S1-7b) position, thereby 

breaking the B–H bond and forming a cobalt-boryl η3-allyl 
species; and (ii) reductive boryl migration to either C1 or C4 
will give Figure S9 S1-8a or S1-8b, which leads to the [4,1]- 
or [1,4]-hydroboration products, S1-9a and S1-9b, respec-
tively. 
 
Prochiral Face Recognition. Upon formation of the h4-com-
plexes with the cationic [(P~P)Co]+ catalyst, the prochiral 
dienes form diastereomeric complexes whose relative 
amounts could dictate selectivities in the subsequent reactions 
with HBPin.  Since the cobalt complexes of (R,R)-BenzP* and 
(R,R)-MeO-BIBOP ligands gave excellent regio- and 
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enantioselectivities in the hydroboration reactions, we started 
our studies with an examination of the possible diastereose-
lective binding of these catalysts to the prochiral faces of the 
diene using DFT methods [B3LYP-D3/6-31+G**, SDD(Co)]. 
The results of these calculations are shown in the CSI Figure 
S5 and CSI Figure S6 and Table S2 (p.S8-S9).  Thus with 
(R,R)-BenzP*, the re face coordination of the diene (with re-
spect to the prochiral C4 atom) was 1.8 kcal/mol lower in en-
ergy as compared to the si face coordination (Figure 9 A, see 
also CSI Figure S5 and Table S2, p.S8-S9). For (R,R)-MeO-
BIBOP, on the other hand, a si face bound structure was ener-
getically more favorable (Figure 10 A, see also Figure S6, CSI 
p.S9 ): this structure was 5.2 kcal/mol lower than the corre-
sponding re face-bound complex (see CSI Figure S6 and Ta-
ble S2, p.S8-S9). 
     Included in CSI Table S2 (p. S8) are the relative values of 
the two diastereomers I(re) and I(si) calculated using various 
levels of theory and basis sets including solvation (A – E). A=  
B3LYP-D3/6-31+G** (gas phase, SDD for cobalt) level of 
theory. B: SMD(DCM)/B3LYP-D3/6-311+G**, C: 
SMD(diethyl ether)/B3LYP-D3/6-311+G**, D: 
SMD(DCM)/B3LYP-D3/def2-TZVP, E: SMD(diethyl 
ether)/B3LYP-D3/def2-TZVP. B, C, D, E are single-point en-
ergy calculations with those specific methods. There is a re-
markable and consistent agreement between the various meth-
ods, thus validating the preference for the indicated diastere-
omers in each case. 
     In the next step after the initial diastereoselective recogni-
tion of re-face of the 2,4-disubstituted diene by the [(R,R)-
BenzP*Co]+ (Figure 9 A), HBPin approaches the coordination 
sphere of the intermediate complexes [(R,R)-
BenzP*Co(diene)]+ from where it is spatially most accessible 
(Figure 9A, see also CSI Figure S7 and Table S3, p.S10-S11), 
thereby producing II(re) and II(si). The corresponding details 
for complexes for (R,R)-MeO-BIBOP ligand are shown in 
Figure 10 A (in CSI, Figure S8 and Table S3, p.S10-S12). 
 
Energy profile diagram for the [[(R,R)-BenzP*]Co]+-me-
diated reactions. In our calculations using the (R,R)-BenzP* 
ligand and a prototypical 2,4-disubstituted 1,3-diene, (E)-2-
methylpenta-1,3-diene, we found that the Oxidative Boryl Mi-
gration (Figure 7 C) is more feasible, as the transition state 
for the turn-over limiting steps leading to the major product, 
4,3-HB, (TSIII(re) = 13.8 kcal/mol, Figure 9) is characterized 
by the lowest energy among all of the other possible routes. 
See also CSI Figure S13 p. S30 for energy values with suita-
bly larger basis sets. By comparison, no low-energy path was 
identified for the formation of the [4,3]-product in the Oxida-
tive Hydrogen Migration route [CSI Figure S10, p.S13-S16 
versus Figure S11. See also CSI Figure S12 (p. S17) for a 
side-by-side energy comparison of OBM and OHM routes. 
The lowest energy transition state for OHM is TSIX(re) (= 
18.3 kcal/mol), which should lead to a rarely seen [1,4]-HB 
product (See CSI Figure S12, for comparative energies of the 
various transition states involved in the OBM and the OHM 
routes with (R,R)-BenzP* as ligand). A difference of 4.5 
kcal/mol (marked ΔΔG‡OBM in CSI Figure S12) in favor of the 
Oxidative Boryl Migration over Oxidative Hydrogen Migra-
tion suggests that OBM is the most likely pathway for the hy-
droboration reaction. Use of different density functionals and 
basis sets (See CSI Table S4, p. S18) does not change this 
conclusion. Befittingly, we have used OBM pathway for all 
productive steps in the mechanism.  

     Thus, for the steps beyond the initial diastereoselective 
recognition of re-face of the 2,4-disubstituted diene by the 
[[(R,R)-BenzP*]Co]+, we proceeded further with the Oxida-
tive Boryl Migration route. The  Oxidative Boryl Migration to 
C4 is energetically more facile than migration to C1, as corrob-
orated by the Gibbs free energy of the corresponding transi-
tion states (TSIII(re) = 13.8 kcal/mol for C4-borylation; 
TSIV(si) = 21.2 kcal/mol for C1-borylation; Figure 9 B). We 
considered TSIV(si) to be in the main operative pathway for 
1,2-product formation since the TSIV(re) is slightly higher en-
ergy than TSIV(si) [22.3 kcal/mol and 21.2 kcal/mol for 
TSIV(re) and TSIV(si) respectively]. Therefore, the propensity 
of borylation at C4(re) is favored by 7.4 kcal/mol energy (i.e., 
21.2–13.8) difference (marked as ΔΔG‡4 in Figure 9B) over 
the preferred pathway for C1(si)-borylation.  
     As shown in Figure S13 in the CSI (p. S30), this value re-
mains remarkably close to the values obtained from use of 
other different density functionals and basis sets – all  ΔΔG‡4 
in the range of 7.4 to 7.7 kcal/mol (with energies of all TS’s 
and intermediates being shown in CSI Tables S5, and S6, p. 
S18-S29).  These calculations concurred with the experi-
mental finding of [4,3]-HB being the major product, even 
though they do overestimate the energy differences. All of the 
important transition states for the hydroboration with ligand 
(R,R)-BenzP* via OBM and OHM as calculated at the 
B3LYP-D3/6-31+G** (SDD for cobalt) level of theory in the 
gas phase are shown in the CSI Figure S10-S12, p. S14-17.  
The key energy differences (ΔΔG‡) computed at various lev-
els of theory are shown in CSI Table S4 (p. S18). 
     These calculations concurred with the experimental find-
ing of [4,3]-HB being the major product, even though these 
gas phase calculations do overestimate the energy difference.  
Important transition states for the hydroboration with ligand 
(R,R)-BenzP* via OBM and OHM as calculated at the 
B3LYP-D3/6-31+G** (SDD for cobalt) level of theory in the 
gas phase are shown in the CSI Table S5, p.S18-S25.  
     Returning to the question of enantioselectivity in the major 
product, the relevant transition states in Figure 9 are TSIII(re) 
(13.8 kcal/mol) and TSIII(si) (23.3 kcal/mol).  Clearly the dif-
ference in the free energies (9.5 kcal/mol, marked ΔΔG‡ee) of 
these two transition states do suggest a strong preference for 
the formation of the III(re) intermediate with (R)-configura-
tion at C4 over III(si) with (S)-configuration at C4 (Figure 9 
B). This is in complete agreement with the observed ee >99:1 
for the ultimate [4,3]-hydroboration product of the diene when 
(R,R)-BenzP* is used as the ligand. As for the next steps in 
the formation of the product V(re) from the η3-allyl-cobalt 
species III(re), the calculations identified an energetically fa-
vorable conformational change to give III’(re) before the re-
ductive elimination to form the C–H bond (see CSI Table S5 
and Table S6, p. S19-S25) for structures and energies of this 
and related conformational isomers of these intermediates). 
This duly formed III’(re) intermediate can undergo reductive 
elimination at C3 to give the alkene complex V(re) (Figure 9 
B) of the final [4,3]-HB product 31b (in Figure 8) via TSV(re) 
[9.0 kcal/mol]. The intermediate III(re) can, in principle, also 
undergo reductive elimination with C1-H bond formation via 
TSVI(re) [13.6 kcal/mol] to form VI(re), the alkene complex 
of the [4,1]-HB product [= 31c in Figure 8] .  Significant en-
ergy difference (4.6 kcal/mol, marked as ΔΔG‡4,3 in Figure 9 
B) between TSV(re) and TSVI(re) precludes the formation of 
the [4,1]-HB-adduct. Experimentally also only the [4,3]-hy-
droboration-adduct is observed. We computed all 
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intermediates and transition states of other probable pathways 
([1,2]- and [1,4]-pathways) and unsurprisingly they were dis-
carded as they were preceded by more energy-demanding 
transition states in the turn-over limiting step (first step, i.e., 

oxidative borylation) as compared to the transition state 
[TSIII(re)] leading to the [4,3]-hydroboration (CSI, Figure 
S10, Figure S11; CSI p. S14-16 and  CSI Table S5 and Table 
S6, p. S18 -S29).
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Figure 9.  Stepwise events of Oxidative Boryl Migration of (E)-4-methyl-pentadiene with (R,R)-BenzP* via re and si face binding calculated 
in gas phase, B3LYP-D3/6-31+G**, SDD(Co), see also Figure S13 in the CSI (p. S30) for effect of different TZ basis sets including 
solvation. (A) Prochiral face recognition of the diene by the chiral (R,R)-BenzP* ligand (I(re) and I(si)) and their HBPin adduct (II(re) and 
II(si)). (B) Origin of regio- and enantioselectivity in the formation of the 4,3-product as the major product over the [1,2]-product (Gibbs free 
energy as the Y-axis, and reaction coordinate as the X-axis). (C) Three important transition states pertinent to explain the regioselectivity of 
the [4,3] over [1,2]-product (TSIII(re) vs TSIV(si)) and high enantioselectivity of the [4,3]-product (TSIII(re) vs TSIII(si)), for rest of the 
transition states and intermediates see CSI, Figure S10, p. S14 and Table S5-S6, p. S18-29. Energies that correspond to the regioselectivities 
are designated as ΔΔG‡4: for 4,3- vs 1,2- and ΔΔG‡4,3 for 4,3- vs 4,1; Similarly, energy that indicates enantioselectivity is marked as ΔΔG 
‡
ee: C4(R) vs C4(S). 

 
Energy profile diagram for the [[(R,R)-OMe-BIBOP]Co]+-
mediated reactions. Contrary to what was observed with 
(R,R)-BenzP*, the si-face diastereomeric adduct of the 2,4-di-
substituted diene with the [(R,R)-MeO-BIBOP(Co)]+ complex 
was favored (Figure 10 A, in CSI: Figure S6 and Table S2, p. 
S8-S9). Nevertheless, the reaction proceeds through the Oxi-
dative Boryl Migration route (see CSI for the corresponding 
energy profiles, CSI: Figures S14 - Figure S16, p. S31-S33). 
The initial binding of HBPin (Figure 10 A, see also CSI: Ta-
ble S3, Figure S8, CSI p.S10-S12) to the si-face-bound diene 
would lead to Oxidative Boryl Migration to C4 via TSIII(si) in 
the first step of the OBM pathway with a free energy of 10.1 
kcal/mol (Figure 10 B). The TSIV(re) [21.3 kcal/mol] is 
slightly favored over TSIV(si) [22.4 kcal/mol] for a pathway 
that corresponds to [1,2]-hydroboration product formation. 
The large proclivity for boryl migration to the 4-position (vs 
1-position) of the diene is the result of a ΔΔG‡4 = 11.2 
kcal/mol (21.3 –10.1) (Figure 10 B), more than sufficient to 
explain the astounding regioselectivity (4,1- vs 1,2) of 98:1 
with the ligand (R,R)-MeO-BIBOP. While the predicted 
change in energy of the transition states was larger than ex-
pected, this correlated well with the experimental results.
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Figure 10. Stepwise events of Oxidative Boryl Migration of (E)-4-imethyl-pentadiene with (R,R)-MeO-BIBOP via re and si face binding, 
calculated in gas phase, B3LYP-D3/6-31+G**, SDD(Co), see also Figure S17 in the CSI (p. S44) for effect of different basis sets including 
solvation. (A) Prochiral face recognition of the diene by the chiral (R,R)- MeO-BIBOP ligand (I(re) and I(si)) and their HBPin adduct (II(re) 
and II(si)). (B) Origin of regio- and enantioselectivity in forming the [4,3]-product as the major product over the [1,2]-product via the si face 
(Gibbs free energy on the Y-axis, reaction coordinate as the X-axis). (C) Three important transition states germane to the regioselectivity of 



 19 

[4,3]- over [1,2]- product [(TSIII(si) vs TSIV(re)] and high enantioselectivity in the [4,3]-product [(TSIII(si) vs TSIII(re)]. For rest of the 
transition states and intermediates refer to CSI, Figure S14, p. S31, and Table S8-S9, p. S34-S43. Energies that signify regioselectivities are 
designated as ΔΔG‡4: for 4,3- vs 1,2- and  ΔΔG‡4,3  for 4,3- vs 4,1; Likewise, energy differences for enantioselectivity is marked as ΔΔG ‡ee: 
C4(S) vs C4(R). 

 

     For the assessment of the enantioselectivity with the (R,R)-
MeO-BIBOP ligand, the preference for TSIII(si) vs TSIII(re) 
is by 6.7 kcal/mol, marked ΔΔG‡ee, Figure 10 B. This result is 
in accord with the experimentally observed (S)-configuration 
at C4.  As a result, we suggest a strong preference for the for-
mation of the III(si) from TSIII(si) over III(re) from TSIII(re) 
which results in >99:1 er. Furthermore, from the newly 
formed cobalt-hydride η3-allyl species [III(si)], we sought to 
predict the formation of possible V(si) and VI(si) products 
corresponding to [4,3]-hydroboration and [4,1]-hydroboration 
products, respectively. Contrary to (R,R)-BenzP*, no appre-
ciable molecular reorganization from III(si) was observed be-
fore the final reductive elimination step (see CSI Table S9, p. 
S40-S43). TSV(si) was predicted to be the most facile at a rel-
ative TS free energy of 10.8 kcal/mol leading to the desired 
[4,3]-hydroboration product [V(si)].  However, the transition 
state for the formation of a [4,1]-product [TSVI(si)] seemed to 
be nearly equally probable at a relative free energy of 11.1 
kcal/mol (difference of just 0.3 kcal/mol, marked as ΔΔG‡4,3 
in Figure 10 B). While this was an unexpected computational 
result, equally unexpected was the remarkable solvent effect 
that was observed in this [(R,R)-MeO-BIBOP(Co)]+-
catalyzed reaction and how easily the [4,3]-HB product is con-
verted into the [4,1]-adduct (Figure 4, B and C)  While the 
[4,3]-adduct was observed experimentally in diethyl ether as 
a solvent, in a non-coordinating solvent like DCM, the major 

product was the more stable [4,1]-hydroboration product.  The 
ambiguity of the distribution of [4,3]- vs [4,1]-product with 
(R,R)-MeO-BIBOP with changing solvents should invite cau-
tion in choosing a solvent for optimum selectivity in these re-
actions. Indeed, we have shown experimentally that the [4,3]-
product undergoes facile isomerization to the [4,1]-product 
under the reaction conditions in CH2Cl2 (Figure 4, C)  Inci-
dentally, calculations with SMD(diethyl ether)/B3LYP-
D3/def2TZVP, SDD(Co) produced a larger ΔΔG‡4,3 (~ 1.0 
kcal/mol) [Figure S17, p. S44)  as compared to gas phase dif-
ference in free energies (0.3 kcal/mol). 
  
Isotope labeling studies.  Detailed kinetic studies of the re-
action is beyond the scope of the current investigations, partly 
because we find that the initial rates to be too fast to permit 
standard techniques.  However, we have carried out isotope 
labeling studies using DBPin, and the results are shown in 
Figure 11.  Use of DBPin gives the expected 4,3-adduct with 
incorporation of >85% D at the C3 position (see Supporting 
Information (Experimental)  for details, P. S42-S45.  Intermo-
lecular competition experiment with excess 1,3-diene and 1 
equivalent each of HBPin and DBPin gives non-deuterated 
and mono-deuterated 2a in a ratio of ~3 (reaction done in du-
plicate), presumably showing a primary kinetic isotope effect.  
This experiment is consistent with the Oxidative Boryl Migra-
tion to the diene C4 with B-H cleavage, proposed as the rate-
limiting step in the mechanism (see Figure 8 C), even though 
it does not altogether rule out alternate mechanistic possibili-
ties.

 

  
Figure 11.  Isotopic labeling studies.  A. Addition of DBPin to 
1a gives the expected 4,3-HB-product 2a-D.  B. Intermolecular 
competition experiment with a significant kinetic isotope effect 
is consistent with the oxidative boryl migration proposed as s key 
step in the mechanism (see Figure 7 C). 

 
 

CONCLUSIONS 
 
    Among a-stereogenic organoboranes, enantiopure homoal-
lylic boronates, carrying multiple latent functionalities are the 
most versatile, and their synthesis has attracted considerable 
attention.  Yet, one of the most direct approaches to these 
compounds, viz., regio- and enantioselective hydroboration of 
readily available 1,3-dienes has remained an unmet challenge.  
We have identified reaction conditions and ligands for the 
synthesis of nearly enantiopure (er >99:1 to >97:3) homoallyl 
boronates via a rarely seen cobalt-catalyzed [4,3]-hydrobora-
tion of 1,3-dienes.  Monosubstituted or 2,4-disubstituted lin-
ear dienes undergo highly efficient, regio- and enantioselec-
tive hydroboration with HBPin catalyzed by 
[(L*)Co]+[BARF]–, where L* is typically a chiral bis-phos-
phine ligand with a narrow bite angle.  While a number of 
such ligands (for example, i-PrDuPhos, QuinoxP*, Duanphos 
and, BenzP*) gave very high enantioselectivities for the [4,3]-
hydroboration product, the equally challenging problem of re-
gioselectivity is uniquely solved with a benzooxaphosphole 
ligand, MeO-BIBOP.  A cationic cobalt(I) complex of this lig-
and is a very efficient (TON >960) catalyst, while providing 
excellent regioselectivities and enantioselectivities for a broad 
range of substrates including those carrying enol silanes, enol 
acetates, –OH, –OMs, –N3, –OTBS, vinyl as well as sensitive 
aromatic and heteroaromatic groups. 
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I(re) 5.2 kcal/mol                 I(si) 0.0 kcal/mol 

Figure 12.  Diastereomers of [(R,R)-MeO-BIBOP]Co(diene)]+ 
complexes showing relative energies (see also Figure 10).  The 
product of enantioselective hydroboration (er >99:1) correspond 
to C4 incorporation of boron via the complex I(si). Initial relative 
stabilities of diastereomeric complexes dictate the regio- and en-
antioselectivities. 

   Detailed computational investigation of the reactions pro-
vides results that are in good agreement with the experimental 
observations, and we are able to predict and rationalize the 
regio- and enantioselectivity of hydroboration with bis-phos-
phine ligands.  Difference in ground state stabilization of 
diene-bound cobalt complex leads to facial selectivity, which 
in turn is carried through the subsequent steps (Figures 10 and 
12).  There is no indication of any low-energy routes that pro-
ceed through the less stable initial diastereomeric 
[(L)Co(diene)]+ complex [I(si) in the case of (R,R)-BenzP* 
ligand, or, the complex I(re) in the case of [(R,R)-MeO-
BIBOP ligand], being involved.  This reaction is unlikely to 
be complicated by Curtin-Hammett kinetics, at least with cat-
alysts we have studied thus far.  Thus it may be possible to 
predict the configuration of the final products based on the 
energy differences in the diastereomers of the initially formed 
[(L*)CoI(diene)]+ complexes.  We are currently seeking vali-
dation for these ideas through further experimental work, in-
cluding isolation and identification of the relevant diastereo-
meric complexes and the products derived from them using 
structurally different ligands. 
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