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 Rhodium-catalyzed asymmetric hydroboration in conjunction with directing 

groups can be used control relative and absolute stereochemistry.  Hydroboration has the 

potential to create new C–C, C–O, and C–N bonds from an intermediate C–B bond with 

retention of stereochemistry.  Desymmetrization resulting in the loss of one or more 

symmetry elements can give rise to molecular chirality, i.e., the conversion of a prochiral 

molecule to one that is chiral.  Unsaturated amides and esters hold the potential for two-

point binding to the rhodium catalyst and have been shown to direct the regiochemistry 

and impact stereochemistry in asymmetric hydroborations of acyclic β,γ-unsaturated 

substrates.  In the present study, the pendant amide functionality directs the 

hydroboration cis in the cyclic substrates studied; the corresponding ester substrates do so 

to a lesser extent.   The enantioselectivity is determined by regioselective addition to the 

re or si site of the rhodium-complexed alkene.  The effect of catalyst, ligand and borane 

on the observed diastereoselectivity and enantioselectivity for a variety of cyclopentenyl 

ester and amide substrates is discussed.   
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a. Where methylmagnesium chloride is used to convert the organoboronate ester to its corresponding trialkylborane.  
This intermediate is more easily aminated with hydroxylamine-O-sulfonic acid than the organoboronate.3 

Chapter 1: Introduction 

Over the last twenty-five years, the field of transition metal-catalyzed hydroboration 

has expanded dramatically and has increasingly become one of the relied upon methods 

for the transformations of carbon–carbon double and triple bonds.
1 

 The intermediate 

formed in the hydroboration of alkenes is an organoboronate ester which serves as a 

synthon for a variety of functional groups (Scheme 1.1).  The organoboronate ester 2 can 

be converted to various functional groups including: secondary alcohols,
2
 amines,

3,a
 

potassium trifluoroborate salts,
4
 carboxylic acids,

5 
and primary alcohols.

6
  These 

functionalizations result in the retention of stereochemistry, which provides incentive for 

further development in the study of transition metal-catalyzed hydroboration.
7
  Moreover, 

transition metal-catalyzed hydroboration has an advantage over the uncatalyzed reaction, 

as the former proceeds with complementary regio- and diastereoselectivity in certain 

substrates.
8
  

R

Rh(I)     
Chiral Ligand

O
B

O

H R

B
O O

+ enantiomer

R

R

OH

R

NH2

O OH

KHF2, MeOH

R

BF3K

NaOH, H2O2

R

OH1. BrCH2Cl

2. NaOH, H2O2

1. LiCHCl2
2. NaClO2

1. MeMgCl

2. H2NOSO3H

nBuLi

1 2

3

4

5

6

7  

Scheme 1.1.  Organoboronate esters as a valuable synthon in organic chemistry.
2–6 
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  In 1985, Männig and Nöth reported the first example of rhodium-catalyzed 

hydroboration to carbon–carbon double bonds.
9
  At room temperature, catecholborane 

(CatBH) 8 reacts with hex-5-en-2-one 9 at the carbonyl double bond to form 10 (Scheme 

1.2).  However, in the presence of 5 mol% Wilkinson’s catalyst, [Rh(PPh3)Cl], the 

addition of the B–H bond occurs across the carbon–carbon double bond in an anti-

Markovnikov fashion to form 11.   

O
B

O
H +

O
Rh cat.

O
B

O

O
B

O

O

O
8 9

10

11

70100 C
24 h

 

Scheme 1.2.  The first reported example of rhodium-catalyzed hydroboration.
9
 

Other rhodium complexes that provide good catalytic properties on this system 

include [Rh(PPh3)2(CO)Cl] and [Rh(COD)Cl2]2.  Metal complexes of platinum, 

palladium, iridium, and cobalt reportedly do not catalyze this reaction under similar 

conditions.  Other substrates (Table 1.1) that are efficiently catalyzed by Wilkinson’s 

catalyst with CatBH include terminal (entries 1 and 4) and cyclic alkenes (entries 2–3), as 

well as an alkyne (entry 5).   
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Table 1.1. Catalytic hydroboration using Wilkinson’s catalyst with CatBH at 20 °C 

(25 min).
9
 

Entry Substrate Yield of hydroboration product (%) 

1 1-Octene 77.7 

2 Cyclopentene 83.3 

3 Cyclohexene 21.5 

4 3-Vinylcyclohexene 50.0 (Only of Vinyl group) 

5 1-Hexyne 52.5 

 

Following the initial findings of Männig and Nöth, Evans et al. document the first 

case of directed rhodium-catalyzed hydroboration on acyclic and cyclic systems that 

provide regio- and stereochemical control.
10

 The hydroboration of allylic alcohol 

derivatives 12 provide evidence of regioselectivity differences in the catalyzed versus 

uncatalyzed reactions, as shown in Scheme 1.3.   

OR

Rh(PPh3)3Cl (3 mol%)

THF, rt

9-BBN (3 eq.)

THF, rt

CatBH (3 eq.)

OR OR

+

OR OR

+

OH OH

OH OH

then NaOH, H2O2

then NaOH, H2O2

12

13 13

14 14

R = H, Bn, SitBuMe2

 

Scheme 1.3.  Directed rhodium-catalyzed hydroboration of cyclohexenol 

derivatives.
10 

In the case of the allylic cyclohexenol, the uncatalyzed version forms predominately an 

anti-vicinal diol (entry 1, Table 1.2).  When Wilkinson’s catalyst is used, regiochemical 
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control is shown, i.e., the major product formed is the anti-1,3-substituted diol 14.  The 

same general trend is found when R is either a benzyl group or a tert-butyldimethylsilyl 

ether. 

Table 1.2.  Hydroboration of cyclohexenol derivatives (from Scheme 1.3).
10

 

Entry R Conditions Total Yield (%) 13 13' 14 14' 

1 H Uncatalyzed 86 83 2 5 10 

2 H Catalyzed 84 18 1 72 9 

3 Bn Uncatalyzed 73 68 0 13 19 

4 Bn Catalyzed 87 7 8 72 13 

5 Si
t
BnMe2 Uncatalyzed 70 74 0 13 13 

6 Si
t
BnMe2 Catalyzed 79 2 1 86 11 

 

In 1991, Evans et al. provided the first example of amide-directed catalyzed 

hydroboration.  Amides effectively direct the iridium-catalyzed hydroboration using 

[Ir(cod)(PCy3)(py)]PF6 and CatBH as the source of borane.
11

  The catalyzed 

hydroboration of tertiary amide 15 provides a high diastereoselectivity preferring the cis-

1,3-product 16 (Scheme 1.4).  The δ-products (i.e. 1,4-substituted products) are also 

formed, but the amount formed is not stated in the communication.  The authors state that 

the competitive reduction of the tertiary amide results in the reduced yield (44%) of the 

desired products 16 and 17.   
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O N O N

OH

O N

OH

+

CatBH (2 eq.)
Ir cat. (5 mol%)

11 h, rt, DCE
then H2O2, NaOH

95 : 5
44%

(+ products)15 16 17
 

Scheme 1.4.  Amide-directed iridium-catalyzed hydroboration.
11

   

When a secondary amide 18 is substituted for the tertiary amide, the yield is 

substantially higher, most likely due to absence of the competitive reduction (Scheme 

1.5).  In the substituted cyclohexene cases, the methyl ester and the tert-

butyldimethylsilyl ether are not shown to direct the hydroboration reaction; a statistical 

mixture of the four products is formed.
11

   

+

OH OH

CatBH (2 eq.)
Ir cat. (5 mol%)

11 h, rt, DCE
then H2O2, NaOH

77%
(+ products)

91 : 918 19 19

O N
H

O N
H

O N
H

Bn BnBn

 

Scheme 1.5.  N-Benzyl amide-directed iridium-catalyzed hydroboration.
11

 

Interestingly, the authors also study a “reverse-amide” 20 (Scheme 1.6).  This 

example also shows a directing-effect where the diastereoselectivity is only narrowly 

decreased from the previous case shown in Scheme 1.5.   
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N

OH

N

OH

+

CatBH (2 eq.)
Ir cat. (5 mol%)

11 h, rt, DCE
then H2O2, NaOH

88 : 12

69%
(+ products)

20 21 21

N
H

R = C5H11

R

O

HH
R

O

R

O

 

Scheme 1.6.  An example of a “reverse-amide”-directed hydroboration.
11

  

The cases described above did not provide a way for controlling enantioselectivity.  

By modifying the catalyst system to include enantiomerically pure chiral ligands, 

enantioselectivity can, in principal, be achieved.  In 2006, the Takacs group reported 

examples of rhodium-catalyzed asymmetric hydroboration with the use of TADDOL-

derived monophosphites and phosphoramidites on 4-substituted styrenes.
8
  The 

TADDOL- and BINOL-derived chiral ligands 22 and 23, respectively (shown in Figure 

1.1), were further exploited in the directed rhodium-catalyzed asymmetric hydroboration 

on acyclic β,γ-unsaturated amides.
12

   

P

O

O

ArAr

ArAr

O

OMe

Me
OPh

Ar = C6H5

        (4-tBu)C6H3

        (3,5-dimethyl)C6H3

O

O
P N

Ph

Me

22 23
 

Figure 1.1.  TADDOL- and BINOL-derived chiral ligands, respectively.
12
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These TADDOL- and BINOL-derived monophosphites and phosphoramidite ligands 

are successfully used in the rhodium-catalyzed asymmetric hydroboration of N-phenyl 

amide 24.  This reaction results in excellent regiochemical control of the β-hydroxy 

carbonyl derivative 25 over the γ-isomer (Scheme 1.7).  These findings are congruent 

with the findings of Evans et al.
10,11

  The  regiochemistry obtained is controlled with the 

use of the amide group, as this directs the formation of the β-isomer.  Two-point binding 

of the amide and alkene moieties to rhodium are attributed as an important factor for the 

observed regiocontrol.
12

   

N

O

RPh

1.  Rh(nbd)2BF4 (0.5 mol%)
     23 (1.1 mol%)
     PinBH (2 eq.)

2.  H2O2, NaOH

THF, 40 C, 12 h
N

O

RPh

OH

24 25
7680%

H H

 

Scheme 1.7.  Amide-directed rhodium-catalyzed asymmetric hydroboration of β,γ-

unsaturated amides.
12 

Various alkyl chains are tolerated with the reaction (Table 1.3).  The hydroboration of 

these substrates is efficient, providing high enantioselectivity (93–99%) with the chiral 

ligand (BINOL)N(Me)Ph 23 and pinacolborane (PinBH).  The γ-isomer is only observed 

in less than 5% for entries 1–4.    When one equivalent of PinBH is used, the conversion 

is only 30% on the same timescale, thus it appears an excess is required.  In addition to 

this, low yields and poor enantioselectivities are achieved when PinBH is replaced with 

CatBH.
12 
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Table 1.3.  The rhodium-catalyzed asymmetric hydroboration of β,γ-unsaturated 

amides.
12 

Entry R ee (%) 

1 
i
Pr 93 

2 
i
Bu 95 

3 CH2CH2Ph 99 

4 
n
C4H9 93 

 

Earlier this year, the Takacs group published new studies on trisubstituted alkenes 

that contain different alkenyl substituents.
13 

 Upon hydroboration, the trisubstituted 

alkene 26 results in product 27 with two new stereocenters (Scheme 1.8).  Depending on 

whether the alkene is E or Z, both syn- and anti-products can be formed with high 

diastereoselectivity when Rh(nbd)2BF4 is used with a BINOL- or TADDOL-derived 

chiral ligand and PinBH; the reaction is therefore stereospecific and proceeds via syn-

addition.  Norbornene is used as an addend in this reaction.  Its role is to be used as a 

sacrificial alkene addend reacting with an initially formed poorly selective catalyst 

allowing for higher enantioselectivity of the desired product.     

N

O

REPh

1.  Rh(nbd)2BF4 (1 mol%)
     Ligand (2.1 mol%)
     PinBH (2 eq.)
     norbornene (10 mol%)

2.  H2O2, NaOH

THF, 40 C, 12 h
N

O

REPh

OH

26 27
RZ RZH H

 

Scheme 1.8.  Rhodium-catalyzed asymmetric hydroboration of trisubstituted alkene 

substrates.
13
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The rhodium-catalyzed hydroboration of various E- and Z-alkenes were studied, 

which allow pathways to both syn- and anti-products (Table 1.4).  The hydroboration of 

E- and Z-isomers results in almost the same yield and enantioselectivity, yet, with the 

utilization of different ligands (e.g. entries 1 and 2 are E- and Z-isomers and the yields 

and ee’s are nearly the same yet these results are achieved with the use of different 

ligands, p-Me(TADDOL)POPh and x(TADDOL)POPh, respectively).
13

 

 

Table 1.4.  Various trisubstituted alkene substrates used in rhodium-catalyzed 

hydroboration.
13 

Entry Ligand R
E 

R
Z 

Yield (%) ee (%) 

1 p-Me(TADDOL)POPh (CH2)3Ph CH3 81 95 

2 x(TADDOL)POPh CH3 (CH2)3Ph 83 95 

3 p-Me(TADDOL)POPh (CH2)4Ph CH3 79 93 

4 
t
Bu(TADDOL)POPh (CH2)2Me CH3 80 96 

5 p-Me(TADDOL)POPh CH3 CH2CH(CH3)2 81 91 

6 
t
Bu(TADDOL)POPh CH3 CH(CH3)2 80 95 

7 
t
Bu(TADDOL)POPh CH3 c-C6H11 82 93 

 

In addition to the directed transition-metal catalyzed asymmetric hydroboration of 

acyclic amides previously discussed, asymmetric desymmetrization of cyclopropenes was 

reported by Gevorgyan et al.
14

  Desymmetrization is the loss of one or more symmetry 

elements that can give rise to molecular chirality, i.e., the conversion of a prochiral 

molecule to one that is chiral, as shown in Scheme 1.9.  The rhodium-catalyzed 
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hydroboration of prochiral cyclic substrate 28 results in desymmetrization, forming cis- 

and trans-products, 29 and 29', respectively.    

 

R

O

OR

[Rh(COD)Cl]2 (3 mol %)
Ligand* (6 mol %)
PinBH

THF (1 M), rt, 20 min

R

O

OR

B
O

O
Me

Me

Me Me

R

O

OR

B
O

O
Me

Me

Me Me

+

28 29 29  

Scheme 1.9.  Rhodium-catalyzed asymmetric hydroboration of cyclopropenes.
14 

The ester moiety provides a directing-effect in this reaction under optimized 

conditions.  When the hydroboration occurs with Wilkinson’s catalyst and CatBH, the 

reaction is not diastereoselective and also forms a significant amount of ring-opening 

products.  However, when PinBH is substituted for CatBH, high levels of 

diastereoselectivity (99:1) and enantioselectivity (92–98%) are achieved in a variety of 

substituted esters (Table 1.5).
14 

Table 1.5.  Asymmetric Hydroboration of 3,3-disubstituted cyclopropenes.
14

  

Entry R R' Ligand cis : trans Yield (%) ee (%) 

1 Me Me (R)-BINAP 99 : 1 94 94 

2 TMS Et (R)-BINAP 99 : 1 99 97 

3 Ph Me (R)-BINAP 99 : 1 99 92 

4 COOMe Me (S)-Tol-BINAP – 99 98 

 

It was hypothesized that γ,δ-unsaturated cyclic amide and ester substrates could 

efficiently achieve rhodium-catalyzed asymmetric hydroboration.  This is based on the 

previous work of rhodium-catalyzed hydroboration on β,γ-unsaturated acyclic amides and 
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β,γ-unsaturated cyclic cyclopropenyl esters by Takacs et al. and Gevorgyan et al., 

respectively.
12–14

  Even though these cases involve slightly different positioning of the 

directing-group to the olefin moiety, it was thought that these substrates would allow for 

the necessary two-point binding of the rhodium catalyst due to their fixed positioning, i.e. 

cyclic substrates.   

Examples of efficient asymmetric desymmetrization via transition metal-mediated 

hydroboration of cyclopentenyl derivatives have not been previously studied.  Similarly, 

to the work of Gevorgyan et al., these γ,δ-unsaturated cyclic amide and ester substrates 

would allow for desymmetrization upon rhodium-catalyzed hydroboration.  As shown in 

Scheme 1.10, this process results in the loss of one or more symmetry elements and gives 

rise to molecular chirality, which converts prochiral substrate 30 to potentially chiral γ-

hydroxy products 31, 31', 32 and 32'.   

+

R
R

O

R = amide or ester
R= H, Me, Bn

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2. [ox.]

30

31

32

R
R

O

R
R

O

OH

OH

+

31

32

R
R

O

R
R

O

OH

OH

 

Scheme 1.10.  Rhodium-catalyzed asymmetric hydroboration of prochiral ester and 

amide cyclopentenyl substrates.   
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In this process, four possible products can be obtained: cis-isomer 31, its enantiomer 31', 

trans-isomer 32, and its enantiomer 32'.  Due to the directing-group and two-point 

binding of the rhodium-catalyst, it is hypothesized that predominately the cis-isomers 31 

and 31' will be formed.  As a consequence of the possibility of the formation of four 

different products, it is necessary to take a combinatorial approach to this chemistry as 

different catalysts, substrates, ligands and boranes may result in different diastereo- and 

enantioselectivities of these products.   

Rhodium-catalyzed hydroboration in conjunction with directing groups can be used to 

control relative and absolute stereochemistry.  Multiple asymmetric centers can be 

formed in one step; these building blocks serve the potential to be incorporated in 

biologically relevant molecules.  More importantly, these systems provide supplement 

mechanistic insight into previous work done with β,γ-unsaturated acyclic amides. 

My work, and the subject of this dissertation, is the application of rhodium-catalyzed 

asymmetric hydroboration of prochiral ester and amide cyclopentenyl substrates studied 

under various conditions including catalysts, ligands and boranes, as shown in Figure 1.2.   
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1. Rh or Ir
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

O O
B

H

Me

O O
B

H

O O
B

O O
B

O O
B

O O
B

O O
B

O O
B

H HHH

HH

O O
B

H

Me

Me

Me

Me

Me Me

Me Me

Me

Me

Me

Me

Me

Me Me

Me

PinBH

TMDB

3,4-V 3,3,4-V 3-V

3,5-VI 3-VI

CatBH

4-VI

O OOR

R

O

OBnBnO

O

R = Me, Ph, Bn R = H, Me, Bn

R

R = N(H)Ph, N(OMe)Me

(TADDOL)POPh : Ar = C6H5

pMe(TADDOL)POPh : Ar = pMe(C6H4)

tBu(TADDOL)POPh : Ar = p-tBu(C6H4)

x(TADDOL)POPh : Ar = 3,5-dimethyl(C6H3)

(TADDOL)PN(Me)Ph : Ar = C6H5

(TADDOL)POBn : Ar = C6H5

(TADDOL)PN(Bn)Bn : Ar = C6H5

(BINOL)PN(Me)Ph
(BINOL)PN(Ph)Bn
(BINOL)PN(Bn)Bn

P

O

O

ArAr

ArAr

O

OMe

Me
OPh

O

O
P N

R

R

Products 31, 31, 32, 32

Ligands:

Substrates:

Boranes:

2. [ox.]

 

Figure 1.2.  Various substrates, ligands and boranes studied. 
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Chapter 2: Synthesis of Prochiral Cyclopentenyl Esters and Amides 

To achieve asymmetric desymmetrization via rhodium-catalyzed hydroboration of 

cyclopentenyl prochiral substrates, the ester and amide derivatives were synthesized.  

Methyl cyclopent-3-enecarboxylate 38 was synthesized via the dicyclohexylcarbodiimide 

(DCC) coupling of methanol and cyclopent-3-enecarboxylic acid 37 (Scheme 2.1) with 

catalytic amounts of 4-dimethylaminopyridine (DMAP) to promote the reaction.
15

  The 

acid was formed by the decarboxylation of cyclopent-3-ene-1,1-dicarboxylic acid 36; the 

reaction occurs upon heating the diacid.  The diacid 36 was synthesized via 

saponification of 35, which came from the double SN2 displacement of cis-1,4-dichloro-

2-butene 34 by dimethylmalonate 33.
16

 

DCC
DMAP
MeOH

O OMe

MeO

O

OMe

O LiH

DMF

Cl

Cl

0 °C to rt
72 h

+

37 38

KOH

H2O, EtOH

4050 °C
14 h

HO

O

OH

O

MeO

O

OMe

O

36

35

180 °C
0.51 h

OHO

3433
97%

95%

82%

53%

DCM

 

Scheme 2.1.  Synthesis of methyl cyclopent-3-enecarboxylate. 

In a similar fashion, phenyl- and benzyl cyclopent-3-ene (39 and 40, respectively) can 

be synthesized by the DCC-DMAP coupling of the appropriate alcohol or phenol to acid 

37 (Scheme 2.2).    
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49%

62%

DCC
DMAP
BnOH

DCM

O OBnOHO

4037

DCC
DMAP
PhOH

DCM

O OPhOHO

3937

 

Scheme 2.2.  Synthesis of phenyl- and benzyl cyclopent-3-enecarboxylate. 

A double SN2 displacement of cis-1,4-dichloro-2-butene 34 with dibenzylmalonate 41 

gives the corresponding dibenzyl cyclopentene 42 (Scheme 2.3).    

84%

BnO

O

OBn

O LiH

DMF

Cl

Cl

0 °C to rt
72 h

+

34 42

BnO

O

OBn

O

41

 

Scheme 2.3.  Synthesis of dibenzyl cyclopent-3-ene-1,1-dicarboxylate. 

The synthesis of the desired amides uses a comparable method to the esters.  The 

coupling is done with EDCI (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) with 

catalytic amounts of DMAP.  The acid 37 with aniline gives the corresponding amide 43 

(Scheme 2.4).    
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OHO

37

EDCI
DMAP
Aniline

NO

43

H

87%

DMF

Ph

 

Scheme 2.4.  Synthesis of N-phenylcyclopent-3-enecarboxamide. 

The desired α-substituted amides are prepared from the corresponding substituted 

acids.  Acid 37 is doubly deprotonated with lithium diisopropylamide (LDA) giving an 

enolate dianion to which the electrophile (iodomethane or benzyl bromide) is added 

slowly.  After an acid work up and extraction, the crude α-substituted acid is used in the 

EDCI coupling to form the consequent substituted amides, 45 and 47 (Scheme 2.5).   

H

H

44%

77%

1.  LDA, -78 C, 12 h
2.  MeI, -20 to -40 C
      then rt, 18 h

Me
OH

O

44

Me
N

O

37

Ph
EDCI

DMAP
Aniline

OHO

45

1.  LDA, -78 C, 12 h
2.  BnBr, -20 to -40 C
      then rt, 18 h

Bn
OH

O

46

Bn
N

O

37

Ph

OHO

47

EDCI
DMAP
Aniline

DMF3.  H3O+

DMF3.  H3O+

 

Scheme 2.5.  Synthesis of 1-methyl- and 1-benzyl-N-phenylcyclopent-3-

enecarboxamide. 

The synthesis of the Weinreb amide derivatives applies a similar method to that 

employed for the N-phenyl amides, but uses a different coupling agent.  The coupling is 
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done with CDI (1,1'-carbonyldiimidazole) with a catalytic amount of DMAP, the acid 

and the amine to provide Weinreb amides 48, 49, and 50 (Scheme 2.6). 

55%

44%

40%

CDI
MeNH(OMe)  HCl

OHO

37

NO

48

Me

OMe

Me
OH

O

44

Me
N

O

49

OMe

CDI
MeNH(OMe)  HCl

Me

Bn
OH

O

46

Bn
N

O

50

OMe

CDI
MeNH(OMe)  HCl

Me

DCM

DCM

DCM

 

Scheme 2.6.  Synthesis of N-methoxyl-N-methylcyclopent-3-enecarboxamide, and its 

α-methyl and α-benzyl derivatives. 
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Chapter 3: Model for Rhodium-Catalyzed Hydroboration  

The mechanism of transition-metal catalyzed hydroboration of simple alkenes with 

Wilkinson’s catalyst has been studied extensively, including deuterium-labeling studies 

with deuteriocatecholoborane (CatBD)
17

 and computational studies.
18  

The first step in the 

reaction mechanism with Wilkinson’s catalyst is proposed to occur with the loss of a 

phosphine ligand to provide Rh(PPh3)2Cl as the active catalyst species (Scheme 3.1).  

Oxidative addition of the B–H bond of CatBH 8 occurs to the unsaturated rhodium center 

to form intermediate 51.
19  

The alkene 52 then coordinates to the rhodium center forming 

complex 53.  Insertion of the olefin into the rhodium–hydride bond occurs to make 

intermediate 54.  Reductive elimination of the B–C bond then produces the 

organoboronate ester 55 and regenerates the active catalyst species.
20
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H
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Ph3P
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OO
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Ph3P
B

Cl
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HRh(PPh3)3Cl

 PPh3

+ PPh3
Rh(PPh3)2Cl

= CatBH

H

R

Rh
Ph3P

B

Cl

OO

PPh3

R

R
B

O

O

R

8

51 52

53

54

55

Cl

Cl

Cl

 

Scheme 3.1.  Proposed mechanism of an alkene using CatBH.
20 

The mechanistic pathway for the two-point binding of prochiral substrates used in this 

study has not been addressed directly.  It is assumed that many features will mirror that of 

the simpler case of acyclic alkenes.
13

  It is essential to discuss additional factors for this 

mechanistic pathway.  In the case of the prochiral olefin substrates 58, the amide or ester 

group directs the diastereoselectivity in the hydroboration cis, that is, to the same side of 

the ring as the amide substituent (Scheme 3.2).  The enantioselective catalyst must 



20 
 

 
 

differentiate between the sides of the bound π-system.  The enantioselectivity is therefore 

determined by the regioselective addition to the re or si site of the olefin moiety, which 

depends on substrate, borane, and catalyst system (vide infra). 
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Scheme 3.2.  Model for rhodium-catalyzed hydroboration of prochiral cyclopentenyl 

substrates.  
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Chapter 4: Ligands and Boranes used in Rhodium-Catalyzed 

Asymmetric Hydroboration 

TADDOL- and BINOL-derived monophosphite and phosphoramidite ligands were 

screened in the rhodium-catalyzed asymmetric hydroboration of prochiral substrates to 

produce desymmetrized, substituted cyclopentanol products after oxidation of the 

carbon–boron bond.  Both the TADDOL- and BINOL-scaffolds can be easily modified to 

obtain a series of different topographies of the chiral ligand (Figure 4.1).
21  

Even a slight 

change in the ligand scaffold can produce drastically different diastereo- and 

enantioselectivities, and therefore, it is expedient to use combinatorial methods for these 

hydroboration reactions.
13 

(TADDOL)POPh : Ar = C6H5

pMe(TADDOL)POPh : Ar = pMe(C6H4)

tBu(TADDOL)POPh : Ar = p-tBu(C6H4)

x(TADDOL)POPh : Ar = 3,5-dimethyl(C6H3)

(TADDOL)PN(Me)Ph : Ar = C6H5

(TADDOL)POBn : Ar = C6H5

(TADDOL)PN(Bn)Bn : Ar = C6H5

(BINOL)PN(Me)Ph
(BINOL)PN(Ph)Bn
(BINOL)PN(Bn)Bn

P

O

O

ArAr

ArAr

O

OMe

Me
OPh

O

O
P N

R

R

 

Figure 4.1.  TADDOL- and BINOL-derived phosphite and phosphoramidite ligands. 

Both PinBH and CatBH have been used extensively in the literature for transition-

metal catalyzed hydroborations on various alkenes and alkynes.
22–25

  The Takacs group 
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has discovered that not only altering the ligand, but also the borane can radically change 

the outcome of the reaction.  Therefore, a variety of boranes were also used in this study; 

these are shown in Figure 4.2.   

O O
B

H

Me

O O
B

H

O O
B

O O
B

O O
B

O O
B

O O
B

O O
B

H HHH

HH

O O
B

H

Me

Me

Me

Me

Me Me

Me Me

Me

Me

Me

Me

Me

Me Me

Me

PinBH

TMDB

3,4-V 3,3,4-V 3-V

3,5-VI 3-VICatBH 4-VI  

Figure 4.2.  Boranes used in the rhodium-catalyzed hydroboration of prochiral 

cyclopentenyl substrates. 

The borane 4,4,6-trimethyl-1,3,2-dioxyborinane (TMDB) was used over thirty years 

ago by Kono et al. and was found to undergo oxidative addition with Wilkinson’s 

catalyst (Scheme 4.1).
26

  In a different study, TMDB was used by Woods and Strong in 

the stoichiometric (i.e., non-catalyzed) hydroboration of several alkenes (Scheme 4.2).
27

  

To this date, it is not found that other groups use TMDB, or any structurally similar 

borane, in transition-metal catalyzed hydroborations. 
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Scheme 4.1.  TMDB undergoes oxidative addition with Wilkinson’s catalyst.
26

 

(CH2)7Me

TMDB (1. 0 eq.)

68 C, 8h
O O

B

MeMe
Me

(CH2)7Me

64 65
 

Scheme 4.2  TMDB in the use of stoichiometric hydroboration of olefins.
27

  

The boranes can be conveniently produced from the corresponding diol.  The reaction 

is done in dry DCM with a concentrated solution of BH3 in DMS (Scheme 4.3).  After 3 

h, the DMS is removed in vacuo and the borane is distilled and ready to be used in 

hydroboration reactions. 

Me

OH

Me

OH

Me Me

O

Me

O

Me

B

H

BH3  DMS

DCM      
0 C, 2h 
rt, 1 h TMDB66  

Scheme 4.3.  Diols are easily converted to its corresponding borane.
27 
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Chapter 5: Rhodium-Catalyzed Asymmetric Hydroboration on 

Prochiral Cyclopentenyl Ester Substrates 

Gevorgyan et al. successfully achieved high levels of diastereo- and 

enantioselectivity of cyclopropenyl prochiral substrates.
14

  The diastereoselectivity was 

controlled by exploiting the directing effect of the pendant ester moiety.  This idea was 

applied to prochiral cyclopentenyl substrates, initially by Mr. Sean Smith, then continued 

using his protocol.
13

  Rhodium-catalyzed asymmetric hydroboration of phenyl cyclopent-

3-enecarboxylate 67 formed a mixture of the cis- and trans-products 68 and 69, 

respectively (Scheme 5.1).  The results were initially disappointing.  The 

diastereoselectivity is only 1.5:1 in the best case (entry 1, Table 5.1).  In addition to poor 

diastereoselectivity, the enantioselectivity achieved is poor in all cases.  The 

identification of the trans-products in these desymmetrization reactions was determined 

by comparison to the product obtained using BH3, a process which favors addition to the 

less sterically encumbered face of the cyclopentenyl ring.
28

  

O OPh 1. Rh(nbd)2BF4 (1 mol%)
     Ligand (2.1 mol%)
     PinBH (2 eq.)

O OPh

OH

O OPh

OH

THF, 40 °C, 24 h

67 68 69

+

2.  NaBO3·4H2O

 

Scheme 5.1.  Rhodium-catalyzed hydroboration of phenyl cyclopent-3-

enecarboxylate. 
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Table 5.1.  The rhodium-catalyzed hydroboration of 67 using PinBH and the 

influence of a four ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 59 36 : 23 30 

2 p-Me(TADDOL)POPh 62 32 : 30 29 

3 
t
Bu(TADDOL)POPh 71 38 : 33 19 

4 (TADDOL)PN(Me)Ph 73 41 : 32 48 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  

Oxidation with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal 

standard; enantioselectivities determined by HPLC analysis. 

 

Other work suggested that varying the ester substituent can alter the enantioselectivity 

and overall yield of the reaction.
12

  Unfortunately, when the directing-group is changed 

from a phenyl ester to a benzyl ester (Scheme 5.2), the diastereo- and enantioselectivities 

remain roughly the same as shown in Table 5.2.  

OBnO O OBn

OH

+

O OBn

OH

70 71 72

1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, rt

2.  NaBO34H2O

 

Scheme 5.2.  Rhodium-catalyzed hydroboration of benzyl cyclopent-3-

enecarboxylate. 
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Table 5.2.  The rhodium-catalyzed hydroboration of 70 using PinBH and the 

influence of a six ligand screening set on diastereo- and enantioselectivities.    

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 59 36 : 23 30 

2 p-Me(TADDOL)POPh 62 32 : 30 29 

3 
t
Bu(TADDOL)POPh 71 38 : 33 19 

4 x(TADDOL)POPh 74 40 : 34 -33 

5 (BINOL)PN(Me)Ph 16 9 : 7 Rac 

6 (TADDOL)PN(Me)Ph 74 42 : 32 48 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

 

Because the cis/trans diastereoselectivity was poor in the cases described above, we 

wanted to investigate a case which does not allow for diastereomers, only enantiomers.  

To circumvent the issue of diastereoselectivity, dibenzyl cyclopent-3-ene-1,1-

dicarboxylate 73 was synthesized and screened with various ligands at room temperature 

for 24 h (Scheme 5.3).  However, no conversion to form enantiomers 74 and 75 is 

observed.  When heating these substrates to 40 °C, only 10% conversion to the products 

occurs after 24 h (Table 5.3).  Due to the poor reactivity of this substrate, the 

enantioselectivity was not explored. 
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Scheme 5.3.  Rhodium-catalyzed hydroboration of dibenzyl cyclopent-3-ene-1,1-

dicarboxylate.  

Table 5.3.  The rhodium-catalyzed hydroboration of 73 using PinBH and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Yield (%) 

1 (TADDOL)POPh 10 

2 p-Me(TADDOL)POPh 0 

3 
t
Bu(TADDOL)POPh 11 

4 x(TADDOL)POPh 9 

5 (BINOL)PN(Me)Ph 0 

6 (TADDOL)PN(Me)Ph 0 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% 

Ligand, 2 eq. PinBH, rt and 40 °C, 24 h.  Oxidation with 

NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with 

mesitylene as an internal standard. 

 

It was hypothesized that perhaps the desired two-point binding of rhodium to the 

alkene and ester moieties was not efficiently achieved with the bulkier esters.   Therefore, 

a methyl ester was synthesized and screened for rhodium-catalyzed asymmetric 

hydroboration.  Nonetheless, when the methyl ester derivative 76 is hydroborated, an 

approximately 1:1 mixture of 77 and 78 is obtained.  No diastereoselectivity is observed 

(Scheme 5.4).  The enantioselectivity achieved is also meager (Table 5.4).     
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2.  NaBO34H2O

 

Scheme 5.4.  Rhodium-catalyzed hydroboration of methyl cyclopent-3-

enecarboxylate. 

 

Table 5.4.  The rhodium-catalyzed hydroboration of 76 using PinBH and the 

influence of a three ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 72 38 : 34 22 

2 
t
Bu(TADDOL)POPh 69 35 : 34 Rac 

3 x(TADDOL)POPh 66 35 : 31 8 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  

Oxidation with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal 

standard; enantioselectivities determined by HPLC analysis. 

 

In the rhodium-catalyzed hydroboration of substituted cyclopentenyl substrates, the 

ester group does not provide an efficient mode to high levels of diastereoselectivity.  

With these substrates, the ester group is not enantioselective or effective in directing the 

reaction. 
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Chapter 6: Rhodium-Catalyzed Asymmetric Hydroboration on  

N-Phenylcyclopent-3-enecarboxamide 

As discussed in Chapter 5, the ester moiety was shown not to be an efficient 

directing-group in rhodium-catalyzed hydroboration.  The success of rhodium-catalyzed 

hydroboration on β,γ-unsaturated acyclic amide substrates by Takacs et al.,
12,13 

led to the 

examination of cyclopentenyl amide substrates.  It was hypothesized that the amide 

moiety would serve as a better directing-group than the ester, presuming the rhodium 

binds at the carbonyl and not the nitrogen.  More σ-donation into the carbonyl suggests 

more electron density on the carbonyl oxygen and therefore acting as a stronger σ-donor 

to the metal center.  This theory is tested by examination of the diastereoselectivities. 

The rhodium-catalyzed hydroboration of N-phenylcyclopent-3-enecarboxamide 79 

provided a mixture of diastereomers 80 and 81 (Scheme 6.1).  Initial results of the cyclic 

amide substrates showed that the amide provides a better directing group than the ester 

moiety as the diastereoselectivity is 1.5:1, cis:trans, respectively, for the ester moiety to 

8:1, cis:trans, respectively, when the cyclic amide cyclopentenyl substrate was used in 

the rhodium-catalyzed hydroboration reaction (Table 6.1).  By altering the directing-

group, the level of enantiomeric excess (ee) also changed as it increased significantly.  

These preliminary results already showed promise when compared with analogous ester 

substrates, proving our hypothesis correct.  
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Scheme 6.1.  Rhodium-catalyzed hydroboration of N-phenylcyclopent-3-

enecarboxamide. 

A small change in the scaffold alters the topography of the ligand.  Therefore, it is of 

benefit to screen a variety of ligands whenever possible.  When (BINOL)N(Me)Ph is 

used (entry 5, Table 6.1), the ee achieved is 84%.  However, (TADDOL)PN(Me)Ph 

(entry 6) provides the opposite enantiomer in 70% ee (entry 6).  The other TADDOL-

derived phosphoramidite (TADDOL)PN(Bn)Bn also provides the opposite enantiomer, 

but to a much lesser degree (entry 8).   
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Table 6.1.  The rhodium-catalyzed hydroboration of 79 using PinBH and the 

influence of an eleven ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 72 60 : 12 60 

2 p-Me(TADDOL)POPh 83 56 : 27 48 

3 
t
Bu(TADDOL)POPh 74 62 : 12 70 

4 x(TADDOL)POPh 77 65 : 12 75 

5 (BINOL)PN(Me)Ph 73 65 : 8 84 

6 (TADDOL)PN(Me)Ph 74 60 : 14 −70 

7 (TADDOL)POBn 26 16 : 10 10 

8 (TADDOL)PN(Bn)Bn 48 18 : 30 −10 

9 (BINOL)PN(Ph)Bn 63 51 : 12 56 

10 (BINOL)PN(Bn)Bn 36 19 : 17 Rac 

11 (BIPHEP)PN(Me)Ph 46 24 : 22 33 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

It is often the case that opposite enantiomers exhibit different bioactivity.  Therefore, 

it is a significant objective to obtain access to both enantiomers in high enantioselectivity; 

this is often a fastidious challenge.
29

  If the ligand is synthesized from the chiral pool, it is 

possible that the antipode may not be available or that one is more expensive than the 

other.
29

   However, it is shown by Kim et al. that both enantiomers of secondary alcohols 

can be obtained in high enantioselectivities in the asymmetric reduction of ketones with 

borane (Scheme 6.2).  Access to both enantiomers is available with ligands derived from 

(S)-indoline-2-carboxylic acid.
30
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Scheme 6.2.  An enantioswitch example: asymmetric reduction of ketones with 

borane.
30

 

 

Consequently, it is of importance to note the availability of enantioswitching in the above 

hydroboration of 79 with PinBH.  Similar ligand scaffolds are used but the specific 

monophosphite or phosphoramidite is altered. Opposite enantiomers are formed from 

−70% to 84% ee in entries 6 and 5, respectively.   However, this is not a true 

enantioswitch, because the ligand backbone is different (i.e. BINOL and TADDOL-

derived ligands).  Therefore, an enantioswitch occurs from −70% to 75% ee with 

(TADDOL)PN(Me)Ph and x(TADDOL)POPh (entries 6 and 4, respectively). 

As it is shown that different ligands provide different diastereo- and 

enantioselectivities, it is hypothesized that also changing the source of borane will affect 

these results as well.  It is then necessary to empirically test different borane sources as 

varied results are expected for both diastereo- and enantioselectivities. 
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When changing the borane from PinBH to TMDB, a structurally similar borane 

prepared in racemic form for these studies, the total yield remained effectively the same 

and the diastereoselectivity is slightly reduced to approximately 5:1 (Table 6.2).  

However, the enantioselectivities achieved are increased significantly in all cases except 

with (BINOL)PN(Me)Ph.  When PinBH is used, the enantioswitch occurs with some 

TADDOL-derived phosphoramidites.  However, an enantioswitch does not happen using 

the same ligands in combination with TMDB as the borane.  These primary results 

confirm our hypothesis that altering the source of borane and ligand also varies the 

diastereo- and enantioselectivities.  Given these results, it would benefit us to screen 

other boranes to examine their effect on yields and diastereo- and enantioselectivities.   

Table 6.2.  The rhodium-catalyzed hydroboration of 79 using TMDB and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 
Borane 

1 (TADDOL)POPh 54 42 : 12 87 

 

2 p-Me(TADDOL)POPh 72 56 : 16 88 

3 
t
Bu(TADDOL)POPh 78 62 : 16 88 

4 x(TADDOL)POPh 73 60 : 13 90 

5 (BINOL)PN(Me)Ph 78 62 : 16 81 

6 (TADDOL)PN(Me)Ph 86 66 : 20 44 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

Another borane that is structurally similar to TMDB is 3,5-VI.  This borane has one 

less methyl group compared to TMDB.  The removal of this methyl group decreases both 

the diastereo- and enantioselectivities drastically (Table 6.3). 

O O
B

H

Me

Me

Me

TMDB
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Table 6.3.  The rhodium-catalyzed hydroboration of 79 using 3,5-VI and the 

influence of a four ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield 

(%) 

cis : trans 

(%) 

ee  

(% cis) 

Borane 

1 
t
Bu(TADDOL)POPh 45 27 : 18 17 

 

2 x(TADDOL)POPh 53 30 : 23 33 

3 (BINOL)PN(Me)Ph 72 38 : 34 8 

4 (TADDOL)PN(Me)Ph 64 30 : 34 10 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3,5-VI, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

The next logical step was to screen 3,3,4-V, the five-membered analog to TMDB.  

The rationale was that PinBH, a five-membered ring borane, provides moderate ee’s with 

this substrate (84%), but TMDB, which contains the same methyl substitution as 3,3,4-V, 

achieves higher ee’s (90%).  It was thought that this borane would provide similar 

enantioselectivities to TMDB.  However, the enantioselectivities obtained with it are very 

low, almost racemic in most cases.  This told us that by simply changing the size of the 

ring from six to five, the difference in results can be significant.   The ee’s obtained are 

drastic, from 90% to 37% ee with TMDB and 3,3,4-V, respectively.  Interestingly, the 

major diastereomer is now found to be the trans-product 81, not the expected cis-product 

80 (Table 6.4).   
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Table 6.4.  The rhodium-catalyzed hydroboration of 79 using 3,3,4-V and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total 

Yield (%) 

cis : trans 

(%) 

ee  

(% cis) 

Borane 

1 (TADDOL)POPh 65 17 : 48 20 

 

2 p-Me(TADDOL)POPh 59 14 : 45 12 

3 
t
Bu(TADDOL)POPh 65 15 : 50 Rac 

4 x(TADDOL)POPh 59 15 : 44 Rac 

5 (BINOL)PN(Me)Ph 66 17 : 49 24 

6 (TADDOL)PN(Me)Ph 75 20 : 55 37 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3,3,4-V, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

  

Because TMDB does much better on this system than any other tested at this point 

(up to 90% ee), it was hypothesized that the six-membered rings with asymmetry would 

prove better than the five-membered ringed boranes.  Due to this reasoning, borane 3-VI 

was screened.  The diastereoselectivities increased from 4:1 for TMDB to 8:1 for borane 

3-VI (Table 6.5). However, enantioselectivities are quite low; the best case is 20%, 

attained with (TADDOL)PN(Me)Ph (entry 6).     
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Table 6.5.  The rhodium-catalyzed hydroboration of 79 using 3-VI and the influence 

of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total Yield 

(%) 

cis : trans 

(%) 

ee 

(% cis) 

Borane 

1 (TADDOL)POPh 58 51 : 7 14 

 

2 p-Me(TADDOL)POPh 59 52 : 7 10 

3 
t
Bu(TADDOL)POPh 67 57 : 10 10 

4 x(TADDOL)POPh 65 57 : 8 16 

5 (BINOL)PN(Me)Ph 72 63 : 8 4 

6 (TADDOL)PN(Me)Ph 64 58 : 8 20 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3-VI, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

Borane 3,5-VI is a meso compound.  Borane 4-VI does have an internal plane of 

symmetry but does not contain any stereocenters.  When borane 4-VI was screened, the 

diastereoselectivities are low, ca. 1:1 to 2:1 (Table 6.6).  The products formed with this 

borane were all racemic.     

Table 6.6.  The rhodium-catalyzed hydroboration of 79 using 4-VI and the influence 

of a four ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total 

Yield (%) 

cis : trans 

(%) 

ee  

(% cis) 

Borane 

1 
t
Bu(TADDOL)POPh 87 56 : 31 Rac 

 

2 x(TADDOL)POPh 75 52 : 23 Rac 

3 (BINOL)PN(Me)Ph 59 38 : 21 Rac 

4 (TADDOL)PN(Me)Ph 66 44 : 22 Rac 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 4-VI, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 
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The boranes that provide us with the best results thus far are the ones that contain 

steric bulk (e.g. PinBH and TMDB).  It was essential to next test CatBH, as this is a 

bulky borane that has been known to efficiently participate in transition-metal catalyzed 

hydroboration on various substrates.
10–11,22–23,31–33

  Both iridium and rhodium are known 

to catalyze hydroboration reactions using CatBH, although the use of iridium is much less 

common.
11

  Unfortunately with our catalyst system, CatBH fails to proceed in the 

attempted transition-metal mediated hydroboration with either iridium and rhodium 

catalysts using the cyclopentenyl prochiral amide substrate 79 (Tables 6.7 and 6.8). A 

significant amount of starting material remains even after 24 h.  Compared to PinBH, the 

enantioselectivity also suffers with the use of CatBH; only low levels are achieved.  

Table 6.8, entry 2 gives the most encouraging result.   

Table 6.7.  The iridium-catalyzed hydroboration of 79 using CatBH (2 eq.) and the 

influence of a five ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 

Remaining 

S.M. (%) 

1 (TADDOL)POPh 18 10 : 8 24 45 

2 p-Me(TADDOL)POPh 12 8 : 4 10 50 

3 
t
Bu(TADDOL)POPh 41 25 : 16 20 55 

4 x(TADDOL)POPh 14 10 : 4 16 50 

5 (TADDOL)PN(Me)Ph 30 20 : 10 20 55 
 

Reaction conditions: 1 mol% Ir(cod)2BF4, 2.1 mol% Ligand, 2 eq. CatBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 
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Table 6.8.  The rhodium-catalyzed hydroboration of 79 using CatBH (2 eq.) and the 

influence of a five ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total Yield 

(%) 

cis : trans 

(%) 

ee 

(% cis) 

Remaining 

S.M. (%) 

1 (TADDOL)POPh 24 14 : 10 Rac 33 

2 p-Me(TADDOL)POPh 36 15 : 21 60 36 

3 
t
Bu(TADDOL)POPh 27 17 : 10 20 50 

4 x(TADDOL)POPh 15 10 : 5 20 38 

5 (TADDOL)PN(Me)Ph 30 20 : 10 27 43 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. CatBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

For the α-unsubstituted amide 79, TMDB provides the highest level of 

enantioselectivity (90% with x(TADDOL)POPh; 73% total yield; 60:13 cis:trans) 

compared to the results of PinBH and all of the other synthesized boranes.  When PinBH 

is used with (TADDOL)PN(Me)Ph, a significant enantioswitch occurs (−70% ee).  

However, when TMDB or any of the other synthesized boranes are screened with this 

ligand, no enantioswitch transpires.  The data obtained supports the notion that it is 

beneficial to not only screen different TADDOL- and BINOL-derived chiral ligands, but 

also the borane.  Relatively small changes in the structure of the borane can change the 

enantioselectivity significantly, as previously discussed.  The best diastereoselectivity 

achieved is 8:1 for the ratio of cis- to trans-products, which is much improved when 

compared to 1.5:1 for the ratio of cis- to trans-products for the ester substrates.       
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Chapter 7: Rhodium-Catalyzed Asymmetric Hydroboration on  

1-Methyl-N-phenylcyclopent-3-enecarboxamide 

As discussed in Chapter 6, the level of diastereoselectivity achieved is at best 8:1 for 

the ratio of cis- to trans-products with N-phenylcyclopent-3-enecarboxylate 79.  As we 

had theorized, the nature of the directing-group influences the ratio of cis- to trans-

isomers; amides are better directing-groups than esters.  There is potentially another way 

to control the cis/trans-diastereoselectivity by blocking the face opposite of the directing 

group.  It was hypothesized that substrates with steric bulk (larger than hydrogen) at the 

α-position of the carbonyl could make two-point binding with the carbonyl relatively 

more favorable.  This would increase the likelihood of achieving better diastereomeric 

ratios, i.e. blocking the opposite face of the directing-group would allow for tighter two-

point binding to the carbonyl throughout the rhodium-catalyzed hydroboration, therefore 

increasing the cis:trans product ratio.   

To test our hypothesis, 1-Methyl-N-phenylcyclopent-3-enecarboxamide 87 was 

synthesized and was hydroborated to give the cis- and trans-products, 88 and 89, 

respectively (Scheme 7.1).  The diastereoselectivity is increased compared to the 

corresponding unsubstituted amide 79; the diastereomeric ratio obtained is 12:1 (entry 4, 

Table 7.1).  From a screening of the typical group of ligands, the highest ee is obtained 

with the chiral ligand (BINOL)N(Me)Ph (82%, entry 5).  This is the same ligand that 

gives the highest level of enantioselectivity for the unsubstituted amide 79 with PinBH.  

As seen previously, enantioswitching is observed when the TADDOL-derived 
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phosphoramidite (TADDOL)PN(Me)Ph is used.  The extent of the switch is however 

somewhat lower with this substrate ― 42% ee for the opposite enantiomer rather than 

70% ee in the prior case (entry 6).  Overall, the enantioselectivities are comparable to 

those obtained in the rhodium-catalyzed hydroboration of 79.  The trans-product 89 was 

also isolated from the reaction of 87.  It is found to be formed with only low levels of 

enantiomeric excess as might be expected for a meso-alkene with no directing group. 

+

87 88 89

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaOH, H2O2
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Scheme 7.1.  Rhodium-catalyzed hydroboration of 1-methyl-N-phenylcyclopent-3-

enecarboxamide. 

Table 7.1.  The rhodium-catalyzed hydroboration of 87 using PinBH and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 

ee 

(% trans) 

1 (TADDOL)POPh 72 65 : 7 52 28 

2 p-Me(TADDOL)POPh 73 65 : 8 58 20 

3 
t
Bu(TADDOL)POPh 73 65 : 8 74 42 

4 x(TADDOL)POPh 64 59 : 5 65 28 

5 (BINOL)PN(Me)Ph 77 70 : 7 82 6 

6 (TADDOL)PN(Me)Ph 79 68 : 11 −42 34 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 
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For the unsubstituted amide substrate 79, TMDB increases the enantioselectivity in 

comparison to PinBH.  TMDB was similarly screened with the α-methyl-substituted 

amide 87.  As anticipated, in each case, the enantioselectivity observed is higher than the 

corresponding reaction with PinBH.  The lone exception is (BINOL)PN(Me)Ph for which 

the enantioselectivity remained nearly the same (Table 7.2).  This is similar to the 

outcome with the rhodium-catalyzed hydroboration of the unsubstituted amide 79.  

Enantioswitching is again absent in the TADDOL-derived phosphoramidites (entries 6 

and 8).  The highest ee achieved for the reaction of 87 was with (TADDOL)POPh (92%, 

entry 1).  Recall, the reaction also proceeds with a high level of diastereoselectivity (ca. 

12:1).   

Table 7.2.  The rhodium-catalyzed hydroboration of 87 using TMDB and the 

influence of a nine ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : 

trans 

(%) 

ee 

(% cis) 

Borane 

1 (TADDOL)POPh 70 64 : 6 92  

2 p-Me(TADDOL)POPh 46 38 : 8 90 

3 
t
Bu(TADDOL)POPh 74 61 : 13 91 

4 x(TADDOL)POPh 66 57 : 9 90 

5 (BINOL)PN(Me)Ph 24 18 : 6 80 

6 (TADDOL)PN(Me)Ph 45 33 : 12 54 

7 (TADDOL)POBn 32 20 : 12 42 

8 (TADDOL)PN(Bn)Bn 16 9 : 7 20 

9 (BINOL)PN(Bn)Bn 17 11 : 6 32 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 
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 As discovered previously in the unsubstituted amide case, altering the borane 

provides varying degrees of diastereo- and enantioselectivities.  It is therefore beneficial 

to test different boranes with this particular substrate.  Recall, borane 3,5-VI is 

structurally similar to TMDB, except it is missing one methyl group.  Three ligands were 

screened against this substrate (Table 7.3).  As predicted from the study of the 

unsubstituted substrate, the diastereoselectivity was much lower than with TMDB 

dropping from ca. 12:1 to 3:1, i.e. the same general trend occurs for Borane 3,5-VI.  The 

enantioselectivity also suffered dramatically.   

Table 7.3.  The rhodium-catalyzed hydroboration of 87 using 3,5-VI and the 

influence of a three ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 

Borane 

1 
t
Bu(TADDOL)POPh 62 40 : 12 38 

 

2 x(TADDOL)POPh 72 56 : 16 57 

3 (TADDOL)PN(Me)Ph 44 35 : 9 26 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3,5-VI, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

Empirical evidence suggests that the six-membered ring borane TMDB provides 

access to higher diastereo- and enantioselectivities.  Recall, borane 3-VI is structurally 

similar to TMDB in that it does not have an internal plane of symmetry.  It is not known 

if the asymmetry of these boranes is inherently favored by the rhodium-catalyzed 

asymmetric hydroboration reactions.  Borane 3-VI lacks the overall steric bulk of TMDB 

and amide 87 was hypothesized to perform similarly to the unsubstituted amide.  The 

O O
B

H

Me Me
3,5-VI
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overall diastereoselectivities of the unsubstituted and α-methyl amides are consistent: 8:1 

versus 7:1, respectively.  It seems that the two extra methyl groups in TMDB are crucial 

in providing a high level of enantioselectivity from the results summarized in Table 7.4.  

The overall yields obtained with this borane are quite good, however, the 

diastereoselectivity is lower, about 7:1 compared to ca. 12:1 with TMDB and the ee’s are 

modest.  The best ee achieved is with (TADDOL)POPh (45%) with amide 87; the highest 

ee achieved for the unsubstituted amide is 20% ee with (TADDOL)PN(Me)Ph.   

Table 7.4.  The rhodium-catalyzed hydroboration of 87 using 3-V and the influence 

of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total Yield 

(%) 

cis : trans 

(%) 

ee 

(% cis) 

Borane 

1 (TADDOL)POPh 75 66 : 9 45 

 

2 p-Me(TADDOL)POPh 64 58 : 8 Rac 

3 
t
Bu(TADDOL)POPh 71 58 : 13 31 

4 x(TADDOL)POPh 72 63 : 9 32 

5 (BINOL)PN(Me)Ph 82 62 : 20 30 

6 (TADDOL)PN(Me)Ph 71 61 : 10 34 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3-VI, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

 The five-membered ring boranes were also explored.  Borane 3,4-V  is structurally 

similar to PinBH, sans two methyl groups.  With this borane, the amide shows virtually 

no directing-effect; the cis- and trans-products are formed in roughly equal amounts 

(Table 7.5).  After 24 h at 40 °C, a small amount of starting material remains.  The 

enantioselectivities obtained are comparatively very low.   
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 Table 7.5.  The rhodium-catalyzed hydroboration of 87 using 3,4-V and the 

influence of a two ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : 

trans 

(%) 

ee 

(% cis) 

S.M. 

(%) 

Borane 

1 (TADDOL)POPh 62 33 : 29 34 11 

 

2 (TADDOL)PN(Me)Ph 43 20 : 23 25 18 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3,4-V, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis.  S.M. is remaining starting material. 

 

Borane 3-V gives a ratio of cis- to trans-products of roughly 4:1 for the best ligand 

cases (entries 1 and 5, Table 7.6).  However, the enantioselectivities are nearly racemic in 

all cases. 

Table 7.6.  The rhodium-catalyzed hydroboration of 87 using 3-V and the influence 

of a five ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : 

trans 

(%) 

ee 

(% cis) 

S.M. 

(%) 
Borane 

1 (TADDOL)POPh 50 40 : 10 18 20 

 

2 p-Me(TADDOL)POPh 45 34 : 11 18 25 

3 
t
Bu(TADDOL)POPh 37 25 : 12 22 10 

4 x(TADDOL)POPh 25 20 : 5 16 10 

5 (TADDOL)PN(Me)Ph 51 40 : 11 18 5 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. 3-V, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis.  S.M. is remaining starting material. 
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CatBH has been known to provide a competent borane source in a variety of 

substrates, as stated previously.  However, its use for the rhodium-catalyzed asymmetric 

hydroboration of α-methyl substituted amide 87 only gives a moderate yield (2 equiv. 

CatBH, Table 7.7).  The highest ee observed is 35% when using (TADDOL)POPh (entry 

1).  Other work has shown that a larger excess of CatBH may be required for efficient 

transition-metal mediated hydroborations.  Apparently, this is the result of the competing 

formation of diboronate compounds thus rendering the borane inactive.
34

  Unfortunately, 

while the yield generally improves slightly, the diastereoselectivity and enantioselectivity 

remain very similar to when larger excess of CatBH is used (5 equiv. CatBH, Table 7.8).   

Table 7.7.  The rhodium-catalyzed hydroboration of 87 using CatBH (2 eq.) and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 78 60 : 18 35 

2 p-Me(TADDOL)POPh 72 59 : 13 34 

3 
t
Bu(TADDOL)POPh 29 22 : 7 24 

4 x(TADDOL)POPh 68 56 : 12 30 

5 (BINOL)PN(Me)Ph 62 46 : 16 10 

6 (TADDOL)PN(Me)Ph 55 45 : 10 17 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. CatBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

 

 

 



46 
 

 
 

Table 7.8  The rhodium-catalyzed hydroboration of 87 using CatBH (5 eq.) and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 73 53 : 20 32 

2 p-Me(TADDOL)POPh 87 64 : 23 28 

3 
t
Bu(TADDOL)POPh 90 65 : 25 26 

4 x(TADDOL)POPh 74 55 : 19 32 

5 (BINOL)PN(Me)Ph 81 60 : 21 10 

6 (TADDOL)PN(Me)Ph 82 58 : 24 20 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 5 eq. CatBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

When either PinBH or TMDB are used with iridium, rather than rhodium catalysts, 

the conversion to the product is very poor (Tables 7.9 and 7.10).  In addition, isomerized 

alkene is also detected in the 
1
H NMR of the crude product.  The regioselectivity is poor 

with the catalyst systems examined.  However, some promising levels of 

enantioselectivity are observed; the highest ee is attained with (TADDOL)PN(Me)Ph 

(50% ee).  Further development is needed for this to be a practical method.    
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Table 7.9.  The iridium-catalyzed hydroboration of 87 using PinBH and the influence 

of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 
S.M. (%) 

1 (TADDOL)POPh 35 25 : 10 36 30 

2 p-Me(TADDOL)POPh 5 5 : 0 Rac 70 

3 
t
Bu(TADDOL)POPh 7 7 : 0 Rac 70 

4 x(TADDOL)POPh 9 9 : 0 Rac 30 

5 (BINOL)PN(Me)Ph 10 10 : 0 Rac 75 

6 (TADDOL)PN(Me)Ph 32 22 : 10 50 3 
 

Reaction conditions: 1 mol% Ir(cod)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis.  S.M. is remaining starting material. 

 

Table 7.10.  The iridium-catalyzed hydroboration of 87 using TMDB and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 
S.M. (%) 

1 (TADDOL)POPh 22 13  : 9 32 50 

2 p-Me(TADDOL)POPh 22 12 : 10 32 70 

3 
t
Bu(TADDOL)POPh 31 19 : 12 32 65 

4 x(TADDOL)POPh 21 13 : 8 30 50 

5 (BINOL)PN(Me)Ph 17 11 : 6 30 46 

6 (TADDOL)PN(Me)Ph 20 12 : 8 30 29 
 

Reaction conditions: 1 mol% Ir(cod)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis.  S.M. is remaining starting material. 

 

Using CatBH with the corresponding iridium catalysts gives very little conversion.  

This is a surprising result, since in the literature iridium-catalyzed hydroborations were 

shown to be an effective catalyst with CatBH.
11

  Unfortunately, the conversion to the cis- 
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and trans-products is still very low (Table 7.11).  A lot of starting material remains even 

after 24 h at 40 °C.     

Table 7.11.  The iridium-catalyzed hydroboration of 87 using CatBH (2 eq.) and the 

influence of a five ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 
Total 

Yield (%) 

cis : trans 

(%) 

ee 

(% cis) 
S.M. (%) 

1 (TADDOL)POPh 20 11 : 9 28 75 

2 p-Me(TADDOL)POPh 39 22 : 17 24 60 

3 
t
Bu(TADDOL)POPh 40 22 : 18 25 60 

4 x(TADDOL)POPh 40 25 : 15 30 60 

5 (TADDOL)PN(Me)Ph 19 12 : 7 24 50 
 

Reaction conditions: 1 mol% Ir(cod)2BF4, 2.1 mol% Ligand, 2 eq. CatBH, 40 °C, 24 h.  Oxidation with 

NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis.  S.M. is remaining starting material. 

 

In summary, the iridium catalysts examined were less effective than the 

corresponding rhodium catalysts for the use of asymmetric desymmetrization of the 

prochiral cyclopentenyl amide substrates, both for the substituted and α-methyl 

derivatives.  Rhodium provides much better turnover to the product on the same 

timescale at the same temperature (1 mol% catalyst, 40 °C, 24 h).  In addition to the 

rhodium/iridium catalyst, the source of borane is also a very important factor.  Even 

modest structural changes in the borane significantly affect diastereo- and 

enantioselectivity.  The highest level of enantioselectivity is achieved when TMDB is 

used as the borane with the ligand (TADDOL)POPh to give 92% ee (70% total yield; 

11:1 cis:trans-products).  A enantioswitch still occurs with (TADDOL)POPh and PinBH, 

yet to a lesser degree than with the unsubstituted amide (−42% from −70% ee).   
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Chapter 8: Rhodium-Catalyzed Asymmetric Hydroboration on  

1-Benzyl-N-phenylcyclopent-3-enecarboxamide 

By increasing the sterics of the α-substituent from hydrogen to a methyl group, the 

ratio of cis- to trans-products increased from 8:1 to 12:1, respectively.  It was our 

expectation that increasing the steric bulk of the α-substituent further would enhance the 

diastereoselectivity.  Therefore, the 1-benzyl-N-phenylcyclopent-3-enecarboxamide 90 

was prepared via alkylation of 46 with benzyl bromide and screened as above in the 

rhodium-catalyzed asymmetric hydroborations (Scheme 8.1).   

+

90 91 92

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaOH, H2O2

Bn
N

O

PhBn
N

O

Ph

OH

Bn
N

O

Ph

OH

H H H

 

Scheme 8.1.  The rhodium-catalyzed hydroboration of 1-benzyl-N-phenylcyclopent-

3-enecarboxamide. 

The conversion and yield of products 91 and 92 are comparable to those obtained 

with the related substrates described above.  The cis to trans ratio did increase but only 

marginally, 13:1 as opposed to 12:1 from the α-methyl substituted derivative.  The best 

case for enantioselectivity is with the TADDOL-derived ligand (TADDOL)POPh, which 

gives an ee of 60% (entry 1, Table 8.1).  With the unsubstituted and α-methyl substituted 

amides, this ligand does not provide the highest level of enantioselectivity (60% and 52% 

ee, respectively). It is also intriguing to note that a slight enantioswitch still occurs with 
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the TADDOL-derived phosphoramidite (TADDOL)PN(Me)Ph (−20%, entry 6) with 

PinBH.  The enantioswitch occurs in a greater degree with this ligand on the 

unsubstituted and α-methyl substituted amides (−70% and −42% ee, respectively). 

Table 8.1.  The rhodium-catalyzed hydroboration of 90 using PinBH and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) ee (% cis) 

1 (TADDOL)POPh 81 75 : 6 60 

2 p-Me(TADDOL)POPh 70 65 : 5 37 

3 
t
Bu(TADDOL)POPh 61 54 : 7 14 

4 x(TADDOL)POPh 54 50 : 4 50 

5 (BINOL)PN(Me)Ph 70 64 : 6 46 

6 (TADDOL)PN(Me)Ph 65 60 : 5 −20 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

It was expected that using TMDB as the borane would provide higher 

enantioselectivities than with PinBH based on prior observations described above.  In 

fact, it is found that when TMDB is used with the α-benzyl substituted derivative, the 

same trend occurs.  The enantioselectivity increases in each case; (TADDOL)POPh gives 

the highest enantiomeric excess (80%) among the group of ligands tested (Table 8.2).  It 

is also again noteworthy that no enantioswitching is observed using 

(TADDOL)PN(Me)Ph.  The best cis to trans ratio is obtained with (BINOL)N(Me)Ph as 

the ligand and provides a 20:1 ratio of cis- to trans-products, respectively (entry 5). 
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Table 8.2.  The rhodium-catalyzed hydroboration of 90 using TMDB and the 

influence of a six ligand screening set on diastereo- and enantioselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : trans 

(%) 

ee 

(% 

cis) 

Borane 

1 (TADDOL)POPh 41 31 : 10 80 

 

2 p-Me(TADDOL)POPh 61 55 : 6 72 

3 
t
Bu(TADDOL)POPh 53 50 : 3 66 

4 x(TADDOL)POPh 73 69 : 4 60 

5 (BINOL)PN(Me)Ph 64 61 : 3 74 

6 (TADDOL)PN(Me)Ph 49 42 : 7 30 

 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaOH and H2O2.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard; 

enantioselectivities determined by HPLC analysis. 

 

The cis:trans ratio increases as the α-substitution increases: 8:1, 12:1, and 20:1 

(unsubstituted amide, α-methyl substituted amide, α-benzyl substituted amide, 

respectively).  The highest ee achieved is with the α-methyl substituted amide (92% ee 

with (TADDOL)POPh and TMDB)).  An enantioswitch occurs only when PinBH is used 

as the borane with (TADDOL)PN(Me)Ph (−70%, −42%, and −20% ee for the 

unsubstituted amide, α-methyl substituted amide, α-benzyl substituted amide, 

respectively); as the size of the α-substituent increases, the level of enantioswitching 

decreases.  It was found that for the rhodium-catalyzed hydroboration of these prochiral 

cyclopentenyl amides it is not only important to screen various BINOL- and TADDOL-

derived ligands, but boranes also dramatically alter the outcome of both enantio- and 

diastereoselectivities.   
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Chapter 9: Rhodium-Catalyzed Asymmetric Hydroboration on 

Weinreb Amides 

Weinreb amides are useful synthetic intermediates for organolithium and 

organomagnesium reactions.  In addition to serving as an acylating agent, Weinreb 

amides act as a powerful analogue to aldehydes.
35

  For these reasons, a series of Weinreb 

amides were synthesized, including N-methoxy-N-methylcyclopent-3-enecarboxamide 

93.  This Weinreb amide was screened for rhodium-catalyzed asymmetric hydroboration 

to form cis- and trans-products 94 and 95, respectively (Scheme 9.1).  Unfortunately, the 

enantioselectivities were not examined as an efficient separation protocol was not found 

via HPLC.  The highest level of diastereoselectivity is found to be 15:1 with 

(TADDOL)PN(Me)Ph as the ligand (entry 6, Table 9.1).   

NO O N

OH

+

O N

OH

93 94 95

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaBO34H2O

Me

OMe

Me

OMe

Me

OMe

 

Scheme 9.1.  Rhodium-catalyzed asymmetric hydroboration of N-methoxy-N-

methylcyclopent-3-enecarboxamide.   
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Table 9.1.  The rhodium-catalyzed hydroboration of 93 using PinBH and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) 

1 (TADDOL)POPh 70 60 : 10 

2 p-Me(TADDOL)POPh 53 33 : 20 

3 
t
Bu(TADDOL)POPh 59 52  :  7 

4 x(TADDOL)POPh 84 70 : 14 

5 (BINOL)PN(Me)Ph 95 88 : 7 

6 (TADDOL)PN(Me)Ph 97 91 : 6 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  

Oxidation with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an 

internal standard. 

 

When TMDB was added to Weinreb 93, x(TADDOL)POPh and (BINOL)PN(Me)Ph 

provide the highest levels of diastereoselectivities (entries 4 and 5, Table 9.2).  However, 

the reactivity is variable and in two cases both starting material and isomerized alkene are 

detected by 
1
H NMR analysis of the crude reaction mixture (entries 2 and 6). 

Table 9.2.  The rhodium-catalyzed hydroboration of 93 using TMDB and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : trans 

(%) 
S.M. (%) 

Isomerized 

Alkene 

(%) 

1 (TADDOL)POPh 78 63 : 15 - - 

2 p-Me(TADDOL)POPh 18 13 : 5 29 15 

3 
t
Bu(TADDOL)POPh 49 39 : 10 - - 

4 x(TADDOL)POPh 93 81 : 12 - - 

5 (BINOL)PN(Me)Ph 55 48 : 7 - - 

6 (TADDOL)PN(Me)Ph 30 16 : 14 25 38 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard.  S.M. 

is remaining starting material. 
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As discussed above, it was hypothesized that increasing the size of the α-substituent 

would also increase the level of diastereoselectivity in the Weinreb amide series of 

prochiral cyclopentenyl substrates.  N-Methoxy-N,1-dimethylcyclopent-3-

enecarboxamide 96 was synthesized and  hydroborated to form cis- and trans-products 97 

and 98, respectively, after oxidative work-up (Scheme 9.2).  Using PinBH for the borane, 

96 reacts with only a modest level of diastereoselectivity.  The formation of a small 

amount of isomerized alkene is detected as well as varying amounts of starting material 

remain (Table 9.3).  The cis to trans ratio is 4:1 (entries 1, 3–4) at best. 

+
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1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaBO34H2O

 

Scheme 9.2.  Rhodium-catalyzed asymmetric hydroboration of N-methoxy-N,1 -

dimethylcyclopent-3-enecarboxamide. 
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Table 9.3.  The rhodium-catalyzed hydroboration of 96 using PinBH and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : 

trans 

(%) 

Remaining 

S.M. (%) 

Isomerized 

Alkene 

(%) 

1 (TADDOL)POPh 42 33 : 9 4 4 

2 p-Me(TADDOL)POPh 14 6 : 8 79 6 

3 
t
Bu(TADDOL)POPh 40 32 : 8 2 3 

4 x(TADDOL)POPh 44 35 : 9 10 7 

5 (BINOL)PN(Me)Ph 29 22 : 7 17 8 

6 (TADDOL)PN(Me)Ph 14 8 : 6 67 4 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard.  S.M. 

is remaining starting material. 

 

When TMDB is used as the borane source, the conversion to product is lower than 

with PinBH.  With the p-Me(TADDOL)POPh ligand, only starting material is recovered 

(entry 2, Table 9.4).  

Table 9.4.  The rhodium-catalyzed hydroboration of 96 using TMDB and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : 

trans 

(%) 

Remaining 

S.M. (%) 

Isomerized 

Alkene (%) 

1 (TADDOL)POPh 32 17 : 15 48 14 

2 p-Me(TADDOL)POPh - - 100 - 

3 
t
Bu(TADDOL)POPh 20 12 : 8 45 16 

4 x(TADDOL)POPh 28 14 : 4 41 15 

5 (BINOL)PN(Me)Ph 21 21 : 0 60 10 

6 (TADDOL)PN(Me)Ph 9 9 : 0 31 16 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard.  S.M. 

is remaining starting material. 
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1-Benzyl-N-methoxy-N-methylcyclopent-3-enecarboxamide 99 undergoes rhodium-

catalyzed asymmetric hydroboration to give the cis- and trans-products 100 and 101, 

respectively (Scheme 9.3).  Using PinBH, the diastereomeric ratio is on 3:1 in one 

instance (entry 5, Table 9.5) and 2:1 in all others (entries 1–4).  When TMDB is used 

under the same conditions, the conversion is low (Table 9.6).   
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1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    Ligand*
    THF, 24 h, 40 C

2.  NaBO34H2O

 

Scheme 9.3.  Rhodium-catalyzed asymmetric hydroboration of 1-benzyl-N-methoxy-

N-methylcyclopent-3-enecarboxamide.   

Table 9.5.  The rhodium-catalyzed hydroboration of 99 using PinBH and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand Total Yield (%) cis : trans (%) 
Remaining 

S.M. (%) 

1 (TADDOL)POPh 54 37 : 17 - 

2 
t
Bu(TADDOL)POPh 48 33 : 15 - 

3 x(TADDOL)POPh 51 36 : 15 11 

4 (BINOL)PN(Me)Ph 70 45 : 25 - 

5 (TADDOL)PN(Me)Ph 42 32 : 10 10 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. PinBH, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard.  

S.M. is remaining starting material. 

 

 



57 
 

 
 

Table 9.6.  The rhodium-catalyzed hydroboration of 99 using TMDB and the 

influence of a six ligand screening set on diastereoselectivities. 

Entry Ligand 

Total 

Yield 

(%) 

cis : trans 

(%) 

Remaining 

S.M. (%) 

Isomerized 

Alkene 

(%) 

1 (TADDOL)POPh 7 7 : 0 14 27 

2 
t
Bu(TADDOL)POPh 14 14 : 0 16 27 

3 x(TADDOL)POPh 6 6 : 0 13 27 

4 (BINOL)PN(Me)Ph 10 10 : 0 37 22 

5 (TADDOL)PN(Me)Ph 7 7 : 0 54 11 
 

Reaction conditions: 1 mol% Rh(nbd)2BF4, 2.1 mol% Ligand, 2 eq. TMDB, 40 °C, 24 h.  Oxidation 

with NaBO3∙4H2O.  Yield determined by crude 
1
H NMR with mesitylene as an internal standard.  S.M. 

is remaining starting material. 

 

Initial results for the unsubstituted Weinreb amide were promising, as the 

diastereomeric ratio with (TADDOL)PN(Me)Ph and PinBH is 15:1.  However, further 

optimization of both reaction conditions and HPLC separations are necessary.  

Specifically, optimized HPLC separation conditions for the Weinreb amide series are 

necessary to determine if these substrates are beneficial for future use.  Also, 

optimization of the hydroboration conditions (solvent, temperature, time, catalyst, etc.) 

would be constructive to see if any of these changes would provide improved results. 
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Chapter 10: Summary for the Rhodium-Catalyzed Hydroboration of 

Prochiral Cyclopentenyl Substrates with Various Catalysts, Ligands 

and Boranes 

Ester and amide prochiral cyclopentenyl substrates were tested in rhodium-catalyzed 

asymmetric hydroboration resulting in desymmetrized γ-hydroxy products.  An 

assortment of ligands, boranes and catalyst systems were analyzed.  It was found that 

small changes in these conditions allow for various outcomes in both diastereo- and 

enantioselectivities and therefore a combinatorial approach was performed.   

The topography of chiral ligands can be modified by changing the scaffold slightly.  

Due to this, drastic differences in results are achieved from TADDOL- and BINOL-

derived monophosphites and phosphoramidites. Modifying the borane also alters the 

outcome of the reaction.   

The ester moiety does not provide a strong directing-effect in the case of the prochiral 

cyclopentenyl substrates.  This is determined by investigating the ratio of the 

diastereomers.  The highest level of cis- to trans-products was only 1.5:1 in the cases of 

benzyl- and phenyl cyclopent-3-enecarboxylate.  The enantioselectivities were also very 

poor when the directing-group is an ester moiety (Table 10.1).   

Because the ester group does not provide for an effective directing-effect, the amide 

moiety was expected to provide better results due to stronger two-point binding to the 

rhodium catalyst.  Three different substituted amides were screened with BINOL- and 
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TADDOL-derived monophosphite and phosphoramidite ligands with a variety of catalyst 

systems and borane sources. 

The α-unsubstituted amide is shown to provide enantioselectivity in the cis-product     

from −70 to 84% ee with PinBH ((TADDOL)PN(Me)Ph and (BINOL)PN(Me)Ph, 

respectively). When TMDB is used with x(TADDOL)POPh, a greater ee is achieved 

(90%).  Enantioswitching only occurs when PinBH is used and does not occur with any 

of the other synthesized boranes.  A combination of CatBH with both iridium and 

rhodium catalysts were inefficient in catalyzing the transition-metal catalyzed 

hydroboration reactions with the unsubstituted amide. 

 To achieve higher diastereoselectivities of cis- to trans-products, it was necessary to 

block one face of the molecule by synthesizing two different α-substituted amides.  This 

is sufficient in increasing the ratio from the α-unsubstituted amide to the α-methyl 

substituted amide from 8:1 to 12:1, respectively.  The most successful enantioselectivity 

achieved with the α-methyl substituted N-phenyl amide was obtained with TMDB and 

(TADDOL)POPh providing 92% ee.  When the α-substitution is modified to a benzyl 

group, the diastereomeric ratio improves to 20:1 in the best case, but generally 13:1.  The 

enantioselectivities obtained with this substrate are moderate; 80% ee is achieved with 

(TADDOL)POPh and TMDB in the best case.   

 

 

Table 10.1.  A summary of the best results for rhodium-catalyzed hydroboration with 

various substrates, boranes, and ligands. 
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Substrate Borane Ligand cis:trans (dr) ee (%) 

O OPh

 

PinBH 

PinBH 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

2:1 

1:1 

30 

48 

O OBn

 

PinBH 

PinBH 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

2:1 

1:1 

30 

48 

O OMe

 

PinBH (TADDOL)POPh 1:1 22 

NO
H

Ph

 

PinBH 

PinBH 

TMDB 

TMDB 

(BINOL)PN(Me)Ph 

(TADDOL)PN(Me)Ph 

x(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

8:1 

4:1 

5:1 

3:1 

84 

−70 

90 

44 

Me
N

O

Ph

H
 

PinBH 

PinBH 

PinBH 

TMDB 

TMDB 

x(TADDOL)POPh 

(BINOL)PN(Me)Ph 

(TADDOL)PN(Me)Ph 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

12:1 

10:1 

6:1 

11:1 

3:1 

65 

82 

-42 

92 

54 

Bn
N

O

Ph

H
 

PinBH 

PinBH 

TMDB 

TMDB 

TMDB 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

(TADDOL)POPh 

(BINOL)PN(Me)Ph 

 (TADDOL)PN(Me)Ph 

13:1 

12:1 

3:1 

20:1 

6:1 

60 

-20 

80 

74 

30 
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An enantioswitch occurs when PinBH is used on all three amide substrates.  

However, this does not occur when TMDB is used as the source of borane.  In all cases, 

TMDB provides higher levels of enantioselectivities along with varied 

diastereoselectivities.  It is not understood why the enantioswitch only occurs with PinBH 

with the TADDOL-derived phosphoramidites, but does not happen when other 

structurally similar boranes are exploited.  In addition, further optimization of the 

Weinreb amide series should be studied, as these substrates are beneficial synthetic 

intermediates. 
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Chapter 11: Determination of the Absolute Configuration of  

3-Hydroxy-N-phenylcyclopentanecarboxamide 

It was, of course, necessary to establish the absolute configuration of the major cis-

product formed with catalytic asymmetric desymmetrization.  The rhodium-catalyzed 

asymmetric hydroboration of methyl ester 76 provides a mixture of the cis- and trans-

products 77 and 78, respectively, after oxidation (Scheme 11.1).  The mixture is treated 

with 4-nitrobenzoyl chloride 102 to give the corresponding mixture of diesters 103 and 

104, each partially enriched in one enantiomer.  

OMeO O OMe

OH

+

O OMe

OH

76 77 78

1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    (TADDOL)POPh (2.1 mol%)
    THF, 24 h, 40 C

2.  NaBO34H2O

2 eq. pyridine

O2N

O

Cl

2 eq.

Et2O, 36 h, rt

102

103

(R)

(S)

O

O OMe

O

NO2

(S)

(R)

O

O OMe

O

NO2

+

+ trans products

104

+ enantiomer+ enantiomer

 

Scheme 11.1.  Determination of the absolute configuration of 3-Hydroxy-N-

phenylcyclopentanecarboxamide.   
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Conditions for separating the four diesters (99 and 100 and the trans products) via 

chiral HPLC have been reported in the literature (Chiralpak AD, 98:2 hexane:ethanol, 

0.96 mL/ min).
36

 The retention times of the products are as follows: 25 min for (1S,3R)-

cis-isomer, 29 min for (1R,3S)-cis-isomer, 37 min for (1R,3R)-trans-isomer, and 50 min 

for (1S,3S)-trans-isomer.  The HPLC trace shown below is that obtained for the four 

products with retention times at 42, 44, 55, and 64 minutes (Figure 11.1).  Shigematsu et 

al. use the Chiralpak AD column, which was also used for this particular separation.  

Therefore it can be assumed that the order of the products is the same.  The authors 

confirm the absolute configurations of the products by comparing the retention times in 

HPLC to the authentic samples derived from known 3-oxocyclopentanecarboxylic acid.
 33

   

Figure 11.1.  HPLC trace of the four possible ester products: (1S,3R)-cis-isomer, 

(1R,3S)-cis-isomer, (1R,3R)-trans-isomer, and (1S,3S)-trans-isomer. 
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Having assigned the stereochemistry of diesters 103 and 104, they are easily 

converted to the corresponding N-phenylamides 105 and 106 using trimethylaluminum 

and aniline (Scheme 11.2).  The cis- and trans- products are separated via column 

chromatography on silica (60:40 hexanes: ethyl acetate).   

 

103

(R)

(S)

O

O OMe

O

NO2

(S)

(R)

O

O OMe

O

NO2

+

104

aniline, AlMe3

DCM, 16 h

106105

(S)

(R)

OH

O N
H

Ph

(R)

(S)

OH

O N
H

Ph

+

Major 
Enantiomer

Minor 
Enantiomer

 

Scheme 11.2.  The major enantiomer obtained for the rhodium-catalyzed 

hydroboration is the (1R,3S)-cis-isomer. 

First, a sample amide of the cis-products was injected for reference.  This was followed 

by the amide that was directly synthesized from diesters 103 and 104.  Lastly, a co-

injection of the two samples was done, as shown below in Figure 11.2.  In this way, it is 

concluded that the major enantiomer (of the cis-diastereomer) formed in the rhodium-

catalyzed asymmetric hydroboration using (TADDOL)POPh with PinBH is of the 

(1R,3S)-3-hydroxy-N-phenylcyclopentanecarboxamide stereochemistry.  Those ligands 

that exhibit enantioswitching give the (1S,3R) absolute stereochemistry.  It is clear that 

the cis-diesters follow similar retention times than that of the amides, i.e., the (1R,3S)-cis-

isomer is followed by the (1S,3R)-cis-isomer in both cases.    
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Figure 11.2.  HPLC traces of: a) amide derived from diester b) sample amide and a c) 

co-injection of the two. 
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Chapter 12: Conversion of N-Phenylcyclopent-3-enecarboxamide to its 

Trifluoroborate salt 

The enantiopure organoboronates discussed in the previous chapters have the 

potential to be functionalized into their corresponding trifluoroborate salts, which are 

employed in Suzuki cross-coupling reactions.
37,38

  For example, potassium 

cyclopentyltrifluoroborate 107 undergoes Suzuki cross-coupling with methyl 3-

bromobenzoate 108 producing the cross-coupled product 109 in 93% yield (Scheme 

12.1).  

BF3K

107 
1.1 eq.

Br

O

OMe

108 
1.0 eq.

Pd(OAc)2 (2 mol%)
nBuPAd2 (3 mol%)

Cs2CO3 (3 eq.)

Toluene / H2O 
(10:1; 0.20 M)
100 C, 24 h

+

O

OMe

109

93%  

Scheme 12.1.  Suzuki cross-coupling of an aryl halide with a potassium 

cyclopentyltrifluoroborate salt.
37 

Under highly optimized conditions, cross-couplings of a six-membered disubstituted 

trifluoroborate salts have been achieved (Scheme 12.2).
37

  However, β-hydride 

elimination / migration affects both regio- and stereocontrol in this reaction which results 

in various substituted products 112–115.     
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110 
1.3 eq.

111 
1.0 eq.

BF3K

Me
Pd(OAc)2 (5 mol%)

nBuPAd2 (7.5 mol%)

Cs2CO3 (3 eq.)

Toluene / H2O 
(10:1; 0.20 M)
100 C, 72 h

+ ArCl

Ar = biphenyl

Me Me

Ar

Ar

Ar

113 
9.1%

115 
12.7%

112 
40%

114 
18.2%

+

+

Ar

Me

 

Scheme 12.2.  Suzuki cross-coupling of a six-membered disubstituted trifluoroborate 

salt.
37

 

 This suggests that the chiral organoboron intermediates produced via catalytic 

asymmetric hydroboration might be useful partners in palladium-catalyzed cross-

coupling reactions.  The cis-organoboronate ester 116 is easily separated from the trans-

products 117 (Scheme 12.3) using column chromatography on silica (70:30 hexanes:ethyl 

acetate).  The substrate organoboronate ester can be treated with KHF2 to generate its 

corresponding trifluoroborate salt 118.  This substrate has the potential for Suzuki cross-

coupling which provides an opportunity for new C–C bonds.  An attractive feature of 

further functionalizations is that these reactions occur with retention of stereochemistry.  
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NO

O N

B

+

O N

B

43 116 117

Rh(nbd)2BF4 (1 mol%)
Borane (2 eq.)
Ligand*
THF, 24 h, 40 C

H H

H

O

O

O

O

Me

Me

Me

Me

Me

Me

Me Me

KHF2

MeOH, H2O, 6 h, rt

78%

O N

BF3K

H

118

Ph

Ph Ph

Ph

 

Scheme 12.3.  Conversion of N-phenylcyclopent-3-enecarboxamide to its 

trifluoroborate salt.  
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Chapter 13: Conclusions 

The rhodium-catalyzed asymmetric hydroboration of a variety of esters and amides 

were analyzed with various ligands, boranes and catalyst systems.  It is necessary to use a 

combinatorial approach on this chemistry, because small changes in the system can 

provide varying outcomes.  The topography of chiral ligands can be modified by 

changing the scaffold only slightly.  Due to this, drastic differences in results can be 

achieved from using an assortment of TADDOL- and BINOL-derived monophosphites 

and phosphoramidites.  In addition to catalyst/ligand systems, modifying the source of 

borane also alters the results.  Screening structurally-similar boranes in this study has 

shown that not only the ratio of diastereomers can fluctuate, but also enantioselectivities.  

It is somewhat unpredictable to foresee the outcome of various boranes without empirical 

studies. 

The ester moiety does not provide a strong directing-effect in the case of the prochiral 

cyclopentenyl substrates.  This is determined by investigating the diastereomeric ratio; 

the highest level of cis- to trans-products was only 2:1 in the best case.  The phenyl- and 

benzyl cyclopent-3-enecarboxylate substrates provide identical results where the highest 

diastereo- and enantioselectivities are achieved (2:1 cis:trans ratio, 30% ee and 1:1 

cis:trans ratio, 48% ee with (TADDOL)POPh and (TADDOL)PN(Me)Ph, respectively; 

Table 13.1); both are poor.   

Table 13.1.  A summary of the best results for rhodium-catalyzed hydroboration with 

various substrates, boranes, and ligands. 
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Substrate Borane Ligand cis:trans (dr) ee (%) 

O OPh

 

PinBH 

PinBH 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

2:1 

1:1 

30 

48 

O OBn

 

PinBH 

PinBH 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

2:1 

1:1 

30 

48 

O OMe

 

PinBH (TADDOL)POPh 1:1 22 

NO
H

Ph

 

PinBH 

PinBH 

TMDB 

TMDB 

(BINOL)PN(Me)Ph 

(TADDOL)PN(Me)Ph 

x(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

8:1 

4:1 

5:1 

3:1 

84 

−70 

90 

44 

Me
N

O

Ph

H
 

PinBH 

PinBH 

PinBH 

TMDB 

TMDB 

x(TADDOL)POPh 

(BINOL)PN(Me)Ph 

(TADDOL)PN(Me)Ph 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

12:1 

10:1 

6:1 

11:1 

3:1 

65 

82 

-42 

92 

54 

Bn
N

O

Ph

H
 

PinBH 

PinBH 

TMDB 

TMDB 

TMDB 

(TADDOL)POPh 

(TADDOL)PN(Me)Ph 

(TADDOL)POPh 

(BINOL)PN(Me)Ph 

 (TADDOL)PN(Me)Ph 

13:1 

12:1 

3:1 

20:1 

6:1 

60 

-20 

80 

74 

30 
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The low diastereoselectivity for the esters tells us that the ester moiety does not 

provide an effective directing-group to allow for two-point binding to the rhodium center.  

The amide moiety was hypothesized to provide better results due to stronger two-point 

binding to the rhodium catalyst. The diastereoselectivity increased from 2:1 to 8:1 for the 

ester and amide analogues, respectively.  These results prove our hypothesis that the 

amide would serve as a better directing-group than an ester.   

Three different substituted amides were screened with BINOL- and TADDOL-

derived monophosphite and phosphoramidite ligands with a variety of catalyst systems 

and borane sources.  The unsubstituted amide is shown to provide enantioselectivity in 

the cis-product from −70 to 84% ee with (TADDOL)PN(Me)Ph and (BINOL)PN(Me)Ph, 

respectively.  When TMDB was used as the borane source and x(TADDOL)POPh as the 

ligand, the ee increased to 90%.  It is of interest to note that the opposite enantiomer is 

not formed when (TADDOL)PN(Me)Ph is screened with TMDB or any other 

synthesized borane.  CatBH failed to make efficient progress in the transition-metal 

catalyzed hydroboration with either iridium or rhodium as the catalyst source.  Other 

synthesized boranes were screened with the unsubstituted amide with varying degrees of 

diastereo- and enantioselectivities, but TMDB is the most successful borane used with 

this substrate.  It was of benefit to determine the absolute configuration of this substrate 

for better knowledge of these products.  The absolute configuration was determined to be 

of the (1R,3S)-stereochemistry, namely (1R,3S)-3-hydroxy-N-

phenylcyclopentanecarboxamide for the major enantiomer formed.   
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 Two additional α-substituted amides were synthesized to allow for more efficient 

two-point binding to the rhodium center by blocking one face of the molecule.  It was 

hypothesized this concept would provide higher levels of diastereoselectivity.  This is 

sufficient in increasing the ratio from the α-unsubstituted amide to the α-methyl 

substituted amide from 8:1 to 12:1, respectively.  When PinBH is used as the borane, a 

range of −42% to 82% ee is found with (TADDOL)POPh and (BINOL)N(Me)Ph, 

respectively.  The most successful case with the α-methyl substituted N-phenyl amide 

was obtained with TMDB and (TADDOL)POPh provides 92% ee.   

When the α-substitution is modified to a benzyl group, the diastereomeric ratio 

improves to 20:1 in the best case, 13:1 in most cases, which is a slight increase from 12:1 

in the α-methyl substituted amide.  The enantioselectivities obtained with this substrate 

are moderate (80% ee with (TADDOL)POPh).   

An enantioswitch occurs when PinBH is used on all three amide substrates with 

(TADDOL)PN(Me)Ph, but the level of enantioswitching decreases with increasing size 

of the α-substituent.  However, an enantioswitch does not occur with TMDB or other 

synthesized boranes.  TMDB provides the highest level of enantioselectivity in all cases 

along with varied diastereoselectivities.  It is not understood why the enantioswitch 

occurs only with PinBH/(TADDOL)PN(Me)Ph, but does not happen when other 

structurally similar boranes are used with the same ligand.   

It is of relevance to find optimized chiral separation conditions for the Weinreb amide 

series.   This would determine if investigating these Weinreb amides are beneficial for 
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further use.  Also, optimization of the hydroboration conditions (solvent, temperature, 

time, catalyst, etc.) are necessary to see if these would alter the results. 

Further functionalizations can be performed on the organoboronate esters.  These 

compounds are air, water and chromatography stable.  It is shown that the unsubstituted 

organoboronate ester can be converted to its corresponding trifluoroborate salt with 

retention of stereochemistry.  This functionalization is beneficial as Suzuki cross-

coupling reactions employ trifluoroborate salts to form new C–C bonds.   

Additional cyclopentenyl prochiral substrates have further potential in rhodium-

catalyzed hydroborations.  As it is shown that the amide moiety is an efficient directing-

group for rhodium-catalyzed hydroborations, different amide substrates can be explored 

(e.g. altering the amide itself, varying the α-substituent or using a “reverse-amide”).  

Furthermore, other prochiral substrates could be tested (e.g. an acyclic prochiral 

substrate, etc.).  To date, TMDB is the borane of choice; however, additional structurally 

similar boranes can be synthesized and screened on these substrates to potentially 

increase levels of diastereo- and enantioselectivities. 

Most importantly, these γ,δ-unsaturated cyclic amides provide mechanistic insight 

into the β,γ-unsaturated acyclic amides.  It is clear that a directing-effect is shown in the 

case of the cyclic amides, as determined by the ratio of cis- to trans-isomers.  This 

diastereoselectivity provides us with the information that two-point binding does, in fact, 

occur with the amides discussed.  In conclusion, under identical ligand and catalyst 

systems, it is shown that two-point binding must also occur with the β,γ-unsaturated 

acyclic amides. 
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Chapter 14: Experimental Procedures 

General Procedures:  Air-sensitive reactions were run under an atmosphere of 

nitrogen.  A nitrogen-filled glovebox was used to assemble catalytic reactions.  

Dichloromethane and tetrahydrofuran (THF) were freshly distilled under the following 

conditions: dichloromethane from calcium hydride, THF from sodium metal and 

benzophenone.  When indicated, solvents were degassed by the freeze-pump-thaw 

method under a dry nitrogen atmosphere (4 times).  Boranes were distilled immediately 

before use.  Unless otherwise noted, all synthesized compounds were purified with flash 

chromatography (hexanes: ethyl acetate) using EMD Silica Gel 60 Geduran®.  

Chemicals were purchased from Aldrich, Alfa Aesar, Strem or TCI America and were 

used as received.  Thin layer chromatography (TLC) analyses were performed on 

Analtech Silica Gel HLF (0.25 mm) precoated analytical plates and visualized with the 

use of a handheld short wavelength UV light, iodine stain (I2 and EMD Silica Gel 60 

Geduran®), vanillin stain (vanillin, 3 g; ethanol, 97 mL; H2SO4, 3 mL), or PMA stain 

(phosphomolybdic acid, 10 wt. % in ethanol).  NMR spectra were recorded on a 300, 

400, or 600 MHz Bruker NMR spectrometer using residual CHCl3 (δ7.27 for 
1
H) or 

CDCl3 (δ77.24 for 
13

C) as the reference standard.  Peaks are expressed as s (singlet), d 

(doublet), t (triplet), q (quartet), m (unresolved multiplet), or combinations thereof.  

Coupling constants (J) are reported in Hertz (Hz).  HPLC solvents were filtered through 

Millipore filter paper.  HPLC analyses were performed with use of an ISCO model 2360 

HPLC and Chiral Technologies, Inc. chiral HPLC column (Chiralpak AD and Chiralpak 
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OD: 250 x 4.6 mm).  The data were recorded and analyzed with ChromPerfect 

chromatography software (version 5.1.0).  IR spectra were recorded using an Avatar 360 

FT-IR.  HRMS analyses were performed by the Nebraska Center for Mass Spectrometry.   
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MeO

O

OMe

O LiH

DMF

Cl

Cl
MeO

O

OMe

O

0 °C to rt
72 h

+

33 34 35  

Preparation of dimethyl cyclopent-3-ene-1,1-dicarboxylate.
16

  To a stirred solution of 

dimethylmalonate (6.6 g, 49.95 mmol) in dry N,N-dimethylformamide (DMF, 75 mL) at 

0 °C was added LiH in one portion (1.00 g, 125.79 mmol) under an atmosphere nitrogen.  

After 2 h, or when hydrogen gas ceases, cis-1,4-dichloro-2-butene (6.94 g, 55.5 mmol) 

was added dropwise and the mixture was allowed to warm to room temperature.  After 72 

h, the resulting mixture was diluted with 20% ether in hexanes (100 mL) and poured into 

cold water.  The organic layer was washed with water (thrice) and brine.  The organic 

layer was dried over magnesium sulfate followed by concentration under reduced 

pressure to afford an off-white solid (8.9151 g, 97%): mp 58.8–61.1 °C (published 58–59 

°C)
16

; 
1
H NMR (300 MHz, CDCl3) δ 5.61 (2H, s, e), 3.73 (6H, s, a), 3.02 (4H, s, d); 

13
C 

NMR (75 MHz, CDCl3) δ 172.84 (b), 127.98 (e), 58.97 (c), 53.00 (a), 41.13 (d); IR (neat, 

cm
-1

) 2983 (CH sp
2
 stretch), 2897 (CH sp

3
 stretch), 1720 (C=O stretch), 1430 (CH2 

deformation), 1258 (C-O-C antisymmetrical stretch), 752 (CH2 rocking), 694 (O-C-O 

bend); HRMS (HREI) calcd. for C9H12O4 (M+∙): 184.0736, 

found 184.0731 m/z.  Please see page 119–120 for 
1
H and    

13
C spectra, respectively. 

 

c
b

OMea

O

e

d
MeO

O
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KOH

H2O, EtOH

4050 °C
14 h

HO

O

OH

O

MeO

O

OMe

O

35 36  

Preparation of cyclopent-3-ene-1,1-dicarboxylic  acid.
16

  To dimethyl cyclopent-3-ene-

1,1-dicarboxylate (1 g, 5.43 mmol) in 80% ethanol in water (10.8 mL total volume) was 

added KOH (0.9749 g, 17.38  mmol) and was stirred at 40–50 °C.  After 14 h, the 

reaction mixture was concentrated under reduced pressure.  20% ether in hexane was 

added (7 mL) followed by 17 g ice.  It was then carefully treated with 0.88 mL 

concentrated sulfuric acid.  The aqueous phase was extracted thrice with 8 mL portions of 

ethyl acetate.  The organic layers were combined and dried with magnesium sulfate 

followed by concentration under reduced pressure to afford a white solid (0.8049 g, 

95%): mp 169.6–170.2 °C (published 162–165 °C)
16

; 
1
H NMR (400 MHz, d-acetone) δ 

10.58.74 (1H, br s, a), 5.60 (2H, s, e), 3.00 (4H, s, d); 
13

C NMR (400 MHz, d-acetone) δ 

173.70 (b), 128.64 (e), 59.11 (c), 41.62 (d); IR (neat, cm
-1

) 3391 (H-bonded OH stretch), 

2987 (CH sp
2
 stretch), 2966 (CH sp

3
 stretch), 1716 (C=O stretch), 1650 (C=C stretch), 

1385 (CH2 (sp
3
) deformation), 988 (C-OH deformation), 756     

(O-C=O bend), 678 (C-C=O bend).  Please see page 121–122 for 

1
H and 

13
C spectra, respectively. 
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Preparation of cyclopent-3-ene carboxylic acid.
16

  Cyclopent-3-ene-1,1-dicarboxylic 

acid (18 g, 115.28 mmol) was heated in an oil bath at 180 °C for 0.5–1 h, or until gas 

evolution has ceased.  The residual oil was distilled under reduced pressure (70 °C at 1 

torr) yielding a pale yellow oil (10.5994 g, 82%): 
1
H NMR (400 MHz, CDCl3) δ 10.87 

(1H, br s, a), 5.69 (2H, s, e), 3.22–3.14 (1H, dt, J = 8.1, c), 2.71–2.69 (4H, d, J = 8.1, d); 

13
C NMR (100 MHz, CDCl3) 183.19 (b), 129.12 (e), 41.59 (c), 36.41 (d); IR (neat, cm

-1
) 

3265 (H-bonded OH stretch), 3064 (CH sp
2
 stretch), 2929 (CH sp

3
 stretch), 1695 (C=O 

stretch), 1614 (C=C stretch), 1422 (CH2 sp
3
 deformation), 931 (C-OH 

deformation), 678 (O-C=O bend); HRMS (HRFAB) calcd. for C6H9O2 

(M+H)
+
: 113.0603, found 113.0603 m/z.  Please see page 123–124 for 

1
H 

and 
13

C spectra, respectively.   
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37 44  

Preparation of 1-methylcyclopent-3-ene carboxylic acid.  Under an atmosphere of 

nitrogen, diisopropylamine (5.8651 g, 57.96 mmol) in dry THF (228 mL) was cooled to 

−78 °C.  nButyl lithium (20.51 mL, 2.5 M solution in hexanes) was slowly added to the 

solution and stirred for 1 h at this temperature,  followed by 1 h at room temperature.  At 

−20 °C to −40 °C, cyclopent-3-ene carboxylic acid (2.5353 g, 22.61 mmol) in THF (15 

mL) was slowly added over 1 h.  After 12 h, the solution was cooled to −20 °C to −40 °C 

and slowly added dropwise iodomethane (4.8541 g, 34.20 mmol).  The alkylation was 

allowed to stir for 18 h.  After the allotted time, the reaction was quenched with dilute 

HCl (3 M) then was extracted (thrice) with diethyl ether.  The organic layers were 

combined and dried with magnesium sulfate, concentrated under reduced pressure and 

affording a brown liquid which was used without purification to the next step: TLC 

analysis Rf 0.36 (75:25 hexanes:ethyl acetate); 
1
H NMR (400 MHz, CDCl3) δ 11.56 (1H, 

br s, a), 5.63 (2H, s, e), 2.98–2.94 (2H, d, J = 14.4, d), 2.28–2.24 (2H, d, J = 14.9, d), 

1.34 (3H, s, f); 
13

C NMR (100 MHz, CDCl3) δ 184.40 (b), 128.45 (e), 47.84 (c), 44.78 

(d), 25.95 (f); IR (neat, cm
-1

) 3195 (H-bonded OH stretch), 3064 

(CH sp
2
 stretch), 2970 (CH sp

3
 stretch), 2917 (CH stretch in CH3 

compounds), 1695 (C=O stretch), 1467 (CH2 deformation), 1405 

Mef c
b

OHa

O

e

d
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(CH3 antisymmetrical deformation), 1287 (CH3 symmetrical deformation), 944 (C-OH 

deformation), 670 (O-C=O bend); HRMS (HREI) calcd. for C7H10O2 (M+∙): 126.0681, 

found 126.0676 m/z.  Please see page 125–126 for 
1
H and 

13
C spectra, respectively. 
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Preparation of 1-benzylcyclopent-3-ene carboxylic acid.  Under an atmosphere of 

nitrogen, diisopropylamine (2.4020 g, 23.74 mmol) in dry THF (92 mL) was cooled to 

−78 °C.  nButyl lithium (8.4 mL, 2.5 M solution in hexanes) was slowly added to the 

solution and stirred for 1 h at this temperature,  followed by 1 h at room temperature.  At 

−20 °C to −40 °C, cyclopent-3-ene carboxylic acid (1.0238 g, 9.13 mmol) in THF (15 

mL) was slowly added over 1 h.  After 12 h, the solution was cooled to −20 °C to −40 °C 

and benzyl bromide (2.3473 g, 13.72 mmol) was added slowly.  The alkylation was 

allowed to stir for 18 h.  After the allotted time, the reaction was quenched with dilute 

HCl (3 M) then was extracted (thrice) with diethyl ether.  The organic layers were 

combined and dried with magnesium sulfate, concentrated under reduced pressure and 

used without purification to the next step affording a brown oil: 
1
H NMR (400 MHz, 

CDCl3) δ 8.86 (1H, br s, a), 7.30–7.20 (5H, m, h–j), 5.67 (2H, s, e), 3.07 (2H, s, f), 2.90–

2.87 (2H, d, J = 14.8, d), 2.52–2.48 (2H, d, J = 14.9, d); 
13

C NMR (100 MHz, CDCl3) 

183.24 (b), 138.05 (g), 129.95 (i), 128.64 (h), 128.42 (j), 126.86 (e), 54.01 (c), 44.11 (f), 

41.92 (d); IR (neat, cm
-1

) 3252 (H-bonded OH stretch), 

3060 (CH aromatic stretch), 3032 (CH sp
2
 stretch), 2917 

(CH sp
3
 stretch), 1699 (C=O stretch), 1491 (CH2 

O
c

b
OHa

O

e

d
f

g

h
i

j
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deformation), 1458 (aromatic ring stretch), 952 (C-OH deformation), 764 (O-C=O bend), 

694 (C-C=O bend); HRMS (HRFAB) calcd. for C13H14LiO2 (M+Li)
+
: 209.1154, found 

209.1149 m/z.  Please see page 127–128 for 
1
H and 

13
C spectra, respectively. 
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Preparation of N-phenylcyclopent-3-enecarboxamide.  Cyclopent-3-ene carboxylic 

acid (0.9909 g, 8.84 mmol) was dissolved in DMF (40 mL) and was cooled to 0 °C.  

Aniline (0.89 mL, 9.72 mmol) was added and was stirred at this temperature for 0.5 h.  

After this allotted time, was added DMAP (0.5398 g, 4.42 mmol) and EDCI (1.8635 g, 

9.72 mmol) and was stirred at room temperature overnight.  The reaction was quenched 

with satd. NaHCO3, and extracted with ether.  The organic layers were combined, washed 

with 3N HCl, dried with magnesium sulfate, filtered and concentrated in vacuo.  Flash 

chromatography on silica gel (75:25 hexanes:dichloromethane) afforded a white fluffy 

solid (1.4520 g, 87%): mp 155.6–156.5 °C; TLC analysis Rf 0.49 (75:25 

hexanes:dichloromethane); 
1
H NMR (400 MHz, CDCl3) δ 7.509–7.507 (2H, d, J = 7.6, 

h), 7.37 (1H, br s, e), 7.34–7.30 (2H, t, J = 7.5, g), 7.12–7.08 (1H, dt, J = 1.1, 7.4, i), 5.74 

(2H, s, a), 3.18–3.06 (1H, m, c), 2.78–2.69 (4H, m, b); 
13

C NMR (100 

MHz, CDCl3) 176.73 (c), 138.42 (f), 129.38 (h), 129.12 (g), 124.24 (i), 

120.05 (a), 49.09 (c), 45.35 (b); IR (neat, cm
-1

) 3288, 3253, 3142, 1655, 

1544, 1439, 1310, 750; HRMS (HRFAB) calcd. for C12H14NO (M+H)
+
: 

188.0997, found 188.1081 m/z.  Please see page 129–130 for 
1
H and 

13
C 

spectra, respectively.  

c

a

b

d
NO

He

f

i
h

g



84 
 

 
 

Me
OH

O

44

EDCI
DMAP
Aniline

DMF

Me
N

O

45

Ph

H

 

Preparation of 1-methyl-N-phenylcyclopent-3-enecarboxamide.  Cyclopent-3-ene 

carboxylic acid (0.4776 g, 3.79 mmol) was dissolved in DMF (20 mL) and was cooled to 

0 °C.  Aniline (0.38 mL, 4.16 mmol) was added and stirred at this temperature for 0.5 h.  

After this allotted time, was added DMAP (0.2313 g, 1.90 mmol) and EDCI (0.7961 g, 

4.16 mmol) and was stirred at room temperature overnight.  The reaction was quenched 

with satd. NaHCO3, and was extracted with ether.  The organic layers were combined, 

washed with 3N HCl, dried with magnesium sulfate, filtered and concentrated under 

reduced pressure.  Flash chromatography on silica gel (75:25 hexanes:dichloromethane) 

afforded white needlelike crystals (0.3352 g, 44%): mp 120.0–121.6 °C; TLC analysis Rf 

0.32 (75:25 hexanes:ethyl acetate); 
1
H NMR (400 MHz, CDCl3) δ 7.54–7.49 (2H, d, J = 

7.6, i), 7.37 (1H, br s, f), 7.34–7.28 (2H, t, J = 7.5, h), 7.13–7.07 (1H, td, J = 7.4, 1.1, j), 

5.74 (2H, s, a), 3.04–2.92 (2H, d, J = 14.3, b), 2.44–2.32 (2H, d, J =14.5, b), 1.42 (3H, s, 

d); 
13

C NMR (100 MHz, CDCl3) 176.73 (e), 138.42 (g), 129.38 (i), 129.12 (h), 124.24 

(j), 120.05 (a), 49.09 (c), 45.35 (b), 26.27 (d); IR (neat, cm
-1

) 3657 (NH stretch), 2974 

(CH sp
2 

stretch), 2897 (CH sp
3 

stretch), 1679 (C=O stretch), 

1593 (C=C stretch), 1520 (NH bend), 1438 (CH3 

antisymmetrical deformation), 1303 (CH3 symmetrical 

Med c
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b
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deformation), 727 (CH out-of-plane deformation); HRMS (HRFAB) calcd. for C13H16NO 

(M+H)
+
: 202.1232, found 202.1228 m/z.  Please see page 131–132 for 

1
H and 

13
C 

spectra, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

 
 

Bn
OH

O

46

EDCI
DMAP
Aniline

DMF

Bn
N

O

47

Ph

H

 

Preparation of 1-benzyl-N-phenylcyclopent-3-enecarboxamide.  Cyclopent-3-ene 

carboxylic acid (0.6907 g, 3.41 mmol) was dissolved in DMF (34 mL) and was cooled to 

0 °C.  Aniline (0.38 mL, 4.09 mmol) was added and was stirred at this temperature.  

After 0.5 h, was added DMAP (0.2086 g, 1.71 mmol) and EDCI (0.7182 g, 3.76 mmol) 

and was allowed to warm to rt and stirred overnight.  The reaction was quenched with 

satd. NaHCO3, and was extracted with ether.  The organic layers were combined, washed 

with 3N HCl, dried with magnesium sulfate, filtered and concentrated under reduced 

pressure.  Flash chromatography on silica gel (85:15 hexanes:ethyl acetate) afforded a 

pale brown solid (0.5679 g, 77%): mp 142.4–142.7 °C; TLC analysis Rf 0.33 (85:15 

hexanes:ethyl acetate); 
1
H NMR (300 MHz, CDCl3) δ 7.33–7.23 (10H, m, a, h), 6.76 

(1H, br s, b), 5.77 (2H, s, f), 3.05 (2H, s, g), 2.83–2.78 (2H, d, J =14.9, e), 2.60–2.55 (2H, 

d, J = 14.7, e); 
13

C NMR (75 MHz, CDCl3) 175.15 (i), 137.99 (d), 137.92 (k), 130.47 (b), 

129.29 (m), 129.10 (c), 128.40 (l), 126.94 (d), 124.44 (k), 120.36 (h), 55.44 (f), 44.79 

(e), 41.92 (g); IR (neat, cm
-1

) 3305 (NH stretch), 2991 (CH sp
2
 stretch), 2970 (CH sp

3
 

stretch), 1646 (C=O stretch), 1601 (C=C stretch), 

1540 (NH bend), 1499 (CH2 deformation), 1242 (C-

N stretch), 1050 (R-C-O stretch, ether), 698 (CH out-

O
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i
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h

g
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of-plane deformation); HRMS (HRFAB) calcd. for C13H16NO (M+H)
+
: 278.1545, found 

278.1543 m/z.  Please see page 133–134 for 
1
H and 

13
C spectra, respectively.  
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Preparation of methyl-3-enecarboxylate.  Cyclopent-3-ene carboxylic acid (0.1114 g, 

0.99 mmol) was dissolved in DCM (10 mL) and was cooled to 0 °C.  Methanol (0.049 

mL, 1.2 mmol) was added and was allowed to stir at this temperature.  After 0.5 h, was 

added DCC (0.2050 g, 0.99 mmol) and DMAP (0.0607 g, 0.50 mmol).  The reaction 

mixture was warmed to rt.  After 14 h, the reaction was quenched with NaHCO3 and 

extracted with ether.  The organic layers were combined, dried over magnesium sulfate, 

and concentrated under reduced pressure.  Flash chromatography on silica gel (75:25 

hexanes:dichloromethane) affords the title compound as a light yellow oil (0.06639, 53% 

yield): TLC analysis Rf 0.64 (90:10 hexanes:acetone); 
1
H NMR (400 MHz, CDCl3) δ 

5.67 (2H, s, e), 3.70 (3H, s, a), 3.17–3.09 (1H, dd, J = 8.5, 7.8, c), 2.67–2.65 (4H, d, J = 

8.2, d); 
13

C NMR (100 MHz, CDCl3) 176.88 (b), 129.18 (e), 52.01 (a), 41.64 (c), 36.52 

(d); IR (neat, cm
-1

) 2950 (CH sp
2
 stretch), 2852 (CH sp

3
 stretch), 1724 (C=O stretch), 

1434 (CH3 antisymmetrical deformation), 1270 (C-O-C antisymmetrical stretch), 1201 

(C-O-C stretch), 1172 (R-C-O stretch), 747 (O-C-O bend); HRMS 

(HREI) calcd. for C7H10O2 (M+∙): 126.0681, found 126.0679 m/z.  

Please see page 135–136 for 
1
H and 

13
C spectra, respectively. 
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Preparation of phenyl cyclopent-3-enecarboxylate.  Cyclopent-3-ene carboxylic acid 

(0.0904 g, 0.81 mmol) was dissolved in DCM (8 mL) and was cooled to 0 °C.  Phenol 

(0.09 mL, 0.97 mmol) was added and was allowed to stir at this temperature.  After 0.5 h, 

was added DCC (0.1664 g, 0.81 mmol) and DMAP (0.0493 g, 0.40 mmol).  The reaction 

mixture was warmed to rt.  After 14 h, the reaction was quenched with NaHCO3 and 

extracted with ether.  The organic layers were combined, dried over magnesium sulfate, 

and concentrated under reduced pressure.  Flash chromatography on silica gel (75:25 

hexanes:dichloromethane) affords the title compound as an oil (0.0747, 49% yield): TLC 

analysis Rf 0.64 (90:10 hexanes:acetone); 
1
H NMR (400 MHz, CDCl3) δ 7.42–7.36, (2H, 

t, J = 8.0, g), 7.26–7.21 (1H, tt, J = 7.4, 1.6, 1.1, h), 7.12–7.07 (2H, dd, J = 7.5, 1.2, f), 

5.73 (2H, s, a), 3.44–3.33 (1H, m, c), 2.87–2.77 (4H, m, b); 
13

C NMR (100 MHz, CDCl3) 

δ 174.85 (d), 129.60 (g), 129.17 (h), 125.92 (g), 121.72 (a), 41.87 

(c), 36.59 (b).  Please see page 137–138 for 
1
H and 

13
C spectra, 

respectively. 
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Preparation of benzyl cyclopent-3-enecarboxylate.  Cyclopent-3-ene carboxylic acid 

(0.5481 g, 4.89 mmol) was dissolved in DCM (11 mL) and was cooled to 0 °C.  Benzyl 

alcohol (0.5 mL, 4.89 mmol) was added and was allowed to stir at this temperature.  

After 0.5 h, was added DCC (1.009 g, 4.89 mmol) and DMAP (0.2986 g, 2.45 mmol).  

The reaction mixture was warmed to rt.  After 14 h, the reaction was quenched with 

NaHCO3 and extracted with ether.  The organic layers were combined, dried over 

magnesium sulfate, and concentrated under reduced pressure.  Flash chromatography on 

silica gel (75:25 hexanes:dichloromethane) affords the title compound as an oil (0.5141 g, 

52% yield): TLC analysis Rf 0.52 (90:10 hexanes:acetone); 
1
H NMR (400 MHz, CDCl3) 

δ 7.45–7.30, (5H, m, g–i), 5.68 (2H, s, a), 5.16 (2H, s, e), 3.24–3.14 (1H, dd, J = 9.0, 7.3, 

c), 2.74–2.64 (4H, d, J = 7.9, b); 
13

C NMR (100 MHz, CDCl3)    

δ 176.24 (d), 136.38 (f), 129.18 (h), 128.17 (g), 128.37 (i), 

128.30 (a), 66.51 (e), 41.75 (c), 36.52 (b).  Please see page 139–

140 for 
1
H and 

13
C spectra, respectively. 
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Preparation of dibenzyl cyclopent-3-ene-1,1-dicarboxylate.  To a stirred solution of 

dibenzylmalonate (13.2 g, 46.43 mmol) in dry N,N-dimethylformamide (DMF, 150 mL) 

at 0 °C was added LiH (2.00 g, 251.57 mmol) in one portion under an atmosphere 

nitrogen.  After 2 h, or when hydrogen gas ceases, cis-1,4-dichloro-2-butene (12 mL, 

115.23 mmol) was added dropwise and the mixture was allowed to warm to room 

temperature.  After 72 h, the resulting mixture was diluted with 20% ether in hexanes 

(100 mL) and poured into cold water.  The organic layer was washed with water (thrice) 

and brine.  The organic layer was dried over magnesium sulfate followed by 

concentration under reduced pressure to afford a white solid (13.1193 g, 84%): 
1
H NMR 

(400 MHz, CDCl3) δ 7.35–7.25, (10H, m, a–c), 5.63 (2H, s, i), 5.15 (4H, s, e), 3.07 (4H, 

s, h); 
13

C NMR (100 MHz, CDCl3) δ 172.02 (f), 135.70 (d), 128.70 (b), 128.42 (c), 

128.18 (a), 127.98 (i), 67.41 (e), 59.14 (g), 

41.10 (h).  Please see page 141–142 for 
1
H 

and 
13

C spectra, respectively. 
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Preparation of N-phenylcyclopent-3-enecarboxamide.  Cyclopent-3-enecarboxylic 

acid (1.0 g, 8.92 mmol) was dissolved in dichloromethane (45 mL) and cooled to 0 °C.  

At this temperature was added CDI (1.7354 g, 10.70 mmol) and stirred for 0.5 h.  

Afterwards, was added N,O-dimethylhydroxylamine hydrochloride (2.1748 g, 22.30 

mmol).  After 13 h, the salts were filtered through cotton and the filtrate was washed with 

aq. HCl (25 mL, twice) then brine (25 mL, twice) and extracted with dichloromethane.  

The organic layers were combined and dried over magnesium sulfate.  Flash 

chromatography on silica gel (75:25 hexanes:ethyl acetate) afforded the title compound 

(0.9127 g, 55%).  TLC analysis Rf 0.33 (75:25 hexanes:ethyl acetate); 
1
H NMR (300 

MHz, CDCl3) δ 5.61 (2H, s, f), 3.69 (3H, s, b), 5.53–3.41 (1H, quintet, J = 7.8, d), 3.19 

(3H, s, a), 2.69–2.55 (4H, m, e); 
13

C NMR (75 MHz, CDCl3) δ 177.31 (c), 129.05 (f), 

61.47 (b), 60.68 (d), 38.59 (a), 36.71 (e); IR (neat, cm
-1

)  2966 (CH sp
2
 stretch), 2901 

(CH sp
3
 stretch), 1659 (C=O stretch), 1377 (CH3 antisymmetrical deformation), 1311 (C-

N stretch), 686 (CH out-of-plane deformation); HRMS (HRFAB) 

calcd. for C8H13NO2Li (M+Li)
+
: 162.1106, found 162.1108 m/z.  

Please see page 143–144 for 
1
H and 

13
C spectra, respectively. 
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Preparation of 1-methyl-N-phenylcyclopent-3-enecarboxamide.  1-Methylcyclopent-

3-enecarboxylic acid (1.8853 g, 14.95 mmol) was dissolved in dichloromethane (75 mL) 

and cooled to 0 °C.  At this temperature was added CDI (2.9079 g, 17.93 mmol) and 

stirred for 0.5 h.  Afterwards, was added N,O-dimethylhydroxylamine hydrochloride 

(3.6440 g, 37.36 mmol).  After 16 h, the salts were filtered through cotton and the filtrate 

was washed with aq. HCl (25 mL, twice) then brine (25 mL, twice) and extracted with 

dichloromethane.  The organic layers were combined and dried over magnesium sulfate.  

Flash chromatography on silica gel (75:25 hexanes:ethyl acetate) afforded the title 

compound (1.1124 g, 44%).  TLC analysis Rf 0.41 (75:25 hexanes:ethyl acetate); 
1
H 

NMR (300 MHz, CDCl3) δ 5.61 (2H, s, f), 3.69 (3H, s, b), 3.20 (3H, s, a), 2.95–2.87 (2H, 

d, J = 15.0, e), 2.28–2.21 (2H, d, J = 15.1, b), 1.29 (3H, s, g); 
13

C NMR (75 MHz, 

CDCl3) δ 179.41 (c), 128.21 (f), 60.71 (b), 48.96 (d), 44.39 (e), 33.78 (a), 26.07 (g); IR 

(neat, cm
-1

) 2983 (CH sp
2
 stretch), 2924 (CH sp

3
 stretch), 1650 (C=O stretch), 1475 (CH3 

antisymmetrical stretch), 1409 (CH3 symmetrical stretch), 1373 (CH3 deformation), 1303 

(C-N stretch), 731 (CH2 rocking), 674 (CH out-of-plane deformation); HRMS (HRFAB) 

calcd. for C9H16NO2 (M+H)
+
: 170.1181, found 170.1177 m/z.  

Please see page 145–146 for 
1
H and 

13
C spectra, respectively. 
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Preparation of 1-benzyl-N-phenylcyclopent-3-enecarboxamide.  1-Benzylcyclopent-

3-enecarboxylic acid (1.300 g, 6.43 mmol) was dissolved in dichloromethane (37 mL) 

and cooled to 0 °C.  At this temperature was added CDI (1.2507 g, 7.71 mmol) and 

stirred for 0.5 h.  Afterwards, was added N,O-dimethylhydroxylamine hydrochloride 

(1.5674 g, 16.07 mmol).  After 16 h, the salts were filtered through cotton and the filtrate 

was washed with aq. HCl (25 mL, twice) then brine (25 mL, twice) and extracted with 

dichloromethane.  The organic layers were combined and dried over magnesium sulfate.  

Flash chromatography on silica gel (75:25 hexanes:ethyl acetate) afforded the title 

compound (0.6305 g, 40%).  TLC analysis Rf 0.44 (75:25 hexanes:ethyl acetate); 
1
H 

NMR (400 MHz, CDCl3) δ 7.26–7.18 (3H, m, j, k), 7.11–7.06 (2H, d, J = 7.7, i), 5.64 

(2H, s, f), 3.75 (3H, s, b), 3.23 (3H, s, a), 3.03 (2H, s, g), 2.89–2.81 (2H, d, J =15.3, e), 

2.54–2.45 (2H, d, J = 15.3, e); 
13

C NMR (100 MHz, CDCl3) δ 177.86 (c), 138.51 (h), 

130.13 (j), 128.35 (i), 128.21 (k), 126.60 (f), 60.73 

(b), 54.91 (d), 43.12 (g), 41.99 (e), 33.98 (a).  Please 

see page 147–148 for 
1
H and 

13
C spectra, respectively. 
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NO O N

OH

+

O N

OH

79 80 81

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand*
    THF, 24 h, 40 C

2.  NaOH, H2O2

H HH

Ph PhPh

 

Preparation of 3-hydroxy-N-phenylcyclopentanecarboxamide.  In a glove box, a 

stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 

mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 

μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, the resulting 

yellow solution was added N-phenylcyclopent-3-enecarboxamide (0.0988 g, 0.528 mmol) 

as a solution in THF (2 mL).  To this was added a solution of borane (1.06 mmol) in THF 

(1 mL).  The reaction mixture was heated to 40 °C for 24 h.  Afterwards, the reaction 

mixture was cooled to room temperature and quenched by the addition of a methanol (6 

mL) followed by 3 N NaOH and 30% H2O2 (1 mL) and stirred for 2 h.  The resulting 

mixture was extracted with dichloromethane, the combined organic extracts were dried 

over magnesium sulfate and concentrated under reduced pressure.  Flash 

chromatography on silica (60:40 hexanes:ethyl acetate) afforded the title 

compound (0.0866 g, 80%): ).  Chiral HPLC analysis (Chiralcel OD, 

80:20 hexanes:isopropanol, flow rate: 0.800) showed peaks at 38 minutes 

and 42 minutes; TLC analysis Rf 0.39 (60:40 hexanes:ethyl acetate); 
1
H 

NMR (300 MHz, CDCl3) δ 8.15–8.06 (1H, br d, J = 5.2, e), 7.55–7.53 

g
i

j k

h

f
O

OHl

N
He

d
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b

c
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(2H, d, J = 7.6, c), 7.34–7.29 (2H, dd, J = 8.3, 7.6, b), 7.11–7.06 (1H, t, J = 7.4, a), 4.56 

(1H, br s, k), 2.74 (1H, br s, l), 2.57–2.28 (2H, m, h), 2.03 (1H, br s, g), 1.97–1.84 (2H, 

m, i), 1.82–1.71 (2H, m, j); IR (neat, cm
-1

) 3677 (OH stretch / NH stretch), 2907 (CH sp
2
 

stretch), 2803 (CH sp
3
 stretch), 1728 (C=O stretch), 1663 (aromatic ring stretch), 1597 

(N-H bend), 1565, 1389 (C-N stretch), 1238 (C-OH in-plane bend), 1050 (C-OH stretch).  

Please see page 149 for 
1
H NMR spectrum. 
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+

87 88 89

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand*
    THF, 24 h, 40 C

2.  NaOH, H2O2

Me
N

O

PhMe
N

O

Ph

OH

Me
N

O

Ph

OH

H H H

 

Preparation of 3-hydroxy-1-methyl-N-phenylcyclopentanecarboxamide.  In a glove 

box, a stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed 

THF (1 mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 

g, 13.25 μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, the 

resulting yellow solution was added 1-methyl-N-phenylcyclopent-3-enecarboxamide 

(0.1062 g, 0.528 mmol) as a solution in THF (2 mL).  To this was added a solution of 

borane (1.06 mmol) in THF (1 mL).  The reaction mixture was heated to 40 °C for 24 h.  

Afterwards, the reaction mixture was cooled to room temperature and quenched by the 

addition of a methanol (6 mL) followed by 3 N NaOH and 30% H2O2 (1 mL) and stirred 

for 2 h.  The resulting mixture was extracted with dichloromethane, the combined organic 

extracts were dried over magnesium sulfate and concentrated under reduced pressure.  

Flash chromatography on silica (60:40 hexanes:ethyl acetate) afforded the title compound 

(0.0891 g, 77%): ).  Chiral HPLC analysis (Chiralcel OD), 80:20 hexanes:isopropanol, 

flow rate: 0.700) showed peaks at 18 minutes and 21 minutes; TLC analysis Rf 0.43 

(60:40 hexanes:ethyl acetate); 
1
H NMR (400 MHz, CDCl3) δ 7.55–7.49 (2H, dd, J = 8.5, 

1.0, c), 7.38–7.30 (2H, t, J = 8, b), 7.29 (1H, s, e), 7.16–7.08 (1H, tt, J = 7.4, 1.1, a), 

4.57–4.47 (1H, m, k), 2.69–2.57 (1H, dd, J = 14.0, 6.8, h), 2.26–2.18 (1H, m, h), 2.14–
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2.03 (1H, m, j), 1.90–1.74 (2H, m, i), 1.55 (3H, s, m), 1.45–1.25 (2H, m, l, j); IR (neat, 

cm
-1

) 3318 (OH / NH stretch), 2962 (CH sp
2
 stretch), 2901 (CH sp

3
 stretch), 1663 (C=O 

stretch), 1536 (C-OH in-plane bend), 1495 (CH3 antisymmetrical deformation), 1434 

(CH2 antisymmetrical deformation), 1311 (C-N stretch), 657 

(C-OH out-of-plane deformation); HRMS (HRCI) calcd. for 

C13H17NO2 (M+H)
+
: 220.1338, found 220.1346 m/z.  Please 

see page 150 for 
1
H NMR spectrum. 
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+

90 91 92

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand*
    THF, 24 h, 40 C

2.  NaOH, H2O2

Bn
N

O

PhBn
N

O

Ph

OH

Bn
N

O

Ph

OH

H H H

 

Preparation of 1-benzyl-3-hydroxy-N-phenylcyclopentanecarboxamide.  In a glove 

box, a stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed 

THF (1 mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 

g, 13.25 μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, the 

resulting yellow solution was added 1-methyl-N-phenylcyclopent-3-enecarboxamide 

(0.1463 g, 0.528 mmol) as a solution in THF (2 mL).  To this was added a solution of 

borane (1.06 mmol) in THF (1 mL).  The reaction mixture was heated to 40 °C for 24 h.  

Afterwards, the reaction mixture was cooled to room temperature and quenched by the 

addition of a methanol (6 mL) followed by 3 N NaOH and 30% H2O2 (1 mL) and stirred 

for 2 h.  The resulting mixture was extracted with dichloromethane, the combined organic 

extracts were dried over magnesium sulfate and concentrated under reduced pressure.  

Flash chromatography on silica (60:40 hexanes:ethyl acetate) afforded the title compound 

(0.1294 g, 83%): ).  Chiral HPLC analysis (Chiralcel-OD, 95:5 hexanes:isopropanol , 

0.700) showed peaks at 22 minutes and 25 minutes; 

TLC analysis Rf 0.38 (60:40 hexanes:ethyl acetate); 

1
H NMR (300 MHz, CDCl3) δ 7.33–7.16 (9H, m, a, 

b, c, o, p), 7.13–1.07 (1H, m, q), 6.72 (1H, br s, m), 

O
f

l
N

O

h

i j

g
e

d n

q
p

oc
b

a

OHk

Hm
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4.57–4.43 (1H, m, j), 3.15 (2H, s, e), 2.62–2.50  (1H, dd, J = 13.8, 6.6, g), 2.19–1.72 (6H, 

m, g, h, i, k); IR (neat, cm
-1

) 3297 (OH / NH stretch), 3019 (CH sp
2
 stretch), 2962 (CH 

sp
3
 stretch), 1646 (C=O stretch), 1258 (C-O-C stretch), 1099 (R-C-O stretch), 796 (CH2 

rocking).  Please see page 151 for 
1
H NMR spectrum. 
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76 77 78

OMeO O OMe

OH

+

O OMe

OH

1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    Ligand*
    THF, 24 h, 40 C

2.  NaBO34H2O

 

Preparation of methyl-3-hydroxycyclopentanecarboxylate.  In a glove box, a stock 

solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 mL).  

To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 μM) 

which was prepared in 1.2 mL THF.  After 2 h complexation time, the resulting yellow 

solution was added methyl-3-enecarboxylate (0.0666 g, 0.528 mmol) as a solution in 

THF (2 mL).  To this was added a solution of pinacolborane (0.16 mL, 1.06 mmol) in 

THF (1 mL).  The reaction mixture was heated to 40 °C for 24 h.  Afterwards, the 

reaction mixture was cooled to room temperature and quenched by the addition of a 

solution of sodium perborate (0.4062 g, 2.64 mmol) in THF:H2O (1:1, 4 mL total 

volume) and vigorously stirred for 4 h.  The resulting mixture was extracted with 

dichloromethane, the combined organic extracts were dried over magnesium sulfate and 

concentrated under reduced pressure.  Flash chromatography on silica (75:25 

hexanes:ethyl acetate) afforded the title compound (0.0457 g, 60%):  TLC analysis Rf 

0.47 (75:25 hexanes:ethyl acetate); 
1
H NMR (400 MHz, CDCl3, 62:38 

mixture of diastereomers) δ 4.39–4.30 (1H, m), 4.29–4.20 (1H, m, f), 

3.63 (3H, s, a), 3.61 (3H, s, a), 3.05–2.94 (1H, dd, J = 8.7, 7.8, c), 2.84–

c
h

g e

d

OHf

b
OMeaO
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2.76 (1H, m, c), 2.06–1.58 (12H, m, d, h, g); IR (neat, cm
-1

) 3669 (OH stretch), 2991 

(CH sp
2
 stretch), 2974 (CH sp

3
 stretch), 2897 (CH3 stretch), 1723 (C=O stretch), 1389 

(CH3 symmetrical deformation), 1234 (C-O-C antisymmetrical stretch), 1054 (R-C-O 

stretch).  Please see page 152 for 
1
H NMR spectrum. 
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2 eq. pyridine

O2N

O

Cl

2 eq.

+
Et2O, 24  36 h, rt

OH

O OMe

77 102 104

(R)

(S)

O

O OMe

O

NO2

(S)

(R)

O

O OMe

O

NO2

+

103  

Preparation of 3-(methoxycarbonyl)cyclopentyl 4-nitrobenzoate.  Methyl 3-

hydroxycyclopentanecarboxylate (0.1083 g, 0.75 mmol) was dissolved in ether (3.75 

mL).  Was added 4-nitrobenzoyl chloride (0.2788 g, 1.50 mmol) and pyridine (0.12 mL, 

1.50 mmol).  After 36 h at room temperature, the reaction was quenched with dilute HCl 

and extracted with ether.  The organic layers were combined and dried over magnesium 

sulfate, filtered and concentrated under reduced pressure.  Flash chromatography on silica 

gel (75:25 hexanes:ethyl acetate) affording the title compound (0.1377 g, 63% yield).  

Chiral HPLC analysis (Chiralcel-AD, 98:2 hexanes:isopropanol, 0.96 flow rate) showed 

peaks at 42, 44, 55, and 64 minutes; TLC analysis Rf 0.52 (75:25 hexanes:ethyl acetate); 

1
H NMR (400 MHz, CDCl3, mixture of diastereomers) δ 8.31–8.29 (4H, dt, J = 8.9, 2.1, 

j), 8.20–8.17 (4H, tt, 8.9, 4.2, i), 5.52–5.46 (1H, m, e), 5.43–

5.37 (1H, m, e), 3.68 (3H, s, a), 3.64 (3H, s, a), 3.19–3.08 

(1H, m, c), 3.05–2.94 (1H, m, c), 2.41–1.89 (12H, m, d, e, f); 

IR (neat, cm 
-1

) 2962 (CH sp
2
 stretch), 2902 (CH sp

3
 stretch), 

1716 (C=O stretch), 1524 (aromatic ring stretching), 1378 

(CH3 antisymmetrical stretch), 1275 (CH3 symmetrical 

c
g

f e

d

b
OMeaO

O h

O

i
j

NO2
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stretch), 1258 (C-O-C antisymmetrical stretch), 711 (O-C-O bend).  Please see page 153 

for 
1
H NMR spectrum. 
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aniline, AlMe3

DCM, 16 h

106105

(S)

(R)

OH

O N
H

Ph

(R)

(S)

OH

O N
H

Ph

+

 

Preparation of 3-hydroxy-N-phenylcyclopentanecarboxamide from 3-

(methoxycarbonyl)cyclopentyl 4-nitrobenzoate.  Under an atmosphere of nitrogen, 

aniline (7 μL, 75.89 μmol) was added to dry dichloromethane.  At room temperature, was 

added trimethylaluminum (38 μL of a 2 M solution in hexanes, 75.89 μmol).  After 15 

min, 3-(methoxycarbonyl)cyclopentyl 4-nitrobenzoate (0.0089 g, 30.35 μmol) was added.  

After 16 h, the reaction mixture was carefully quenched with dilute HCl and was 

extracted with ether.  The combined organic extracts were dried over magnesium sulfate.  

Preparative plate chromatography on silica (60:40 hexanes:ethyl acetate) afforded the 

title compound.  Chiral HPLC analysis (Chiralcel-OD, 80:20 hexanes:isopropanol, 0.800 

flow rate) showed peaks at 38 minutes and 42 minutes; TLC analysis Rf 0.39 (60:40 

hexanes:ethyl acetate); 
1
H NMR (300 MHz, CDCl3) δ 8.15–8.06 (1H, br 

d, J = 5.2, e), 7.55–7.53 (2H, d, J = 7.6, c), 7.34–7.29 (2H, dd, J = 8.3, 

7.6, b), 7.11–7.06 (1H, t, J = 7.4, a), 4.56 (1H, br s, k), 2.74 (1H, br s, l), 

2.57–2.28 (2H, m, h), 2.03 (1H, br s, g), 1.97–1.84 (2H, m, i), 1.82–1.71 

(2H, m, j); IR (neat, cm
-1

) 3677 (OH stretch / NH stretch), 2907 (CH sp
2
 

g
i

j k

h

f
O

OHl

N

d

He

a
b

c



106 
 

 
 

stretch), 2803 (CH sp
3
 stretch), 1728 (C=O stretch), 1663 (aromatic ring stretch), 1597 

(N-H bend), 1565, 1389 (C-N stretch), 1238 (C-OH in-plane bend), 1050 (C-OH stretch).  

Please see page 149 for 
1
H NMR spectrum. 
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O OPh 1. Rh(nbd)2BF4 (1 mol%)
     Ligand (2.1 mol%)
     PinBH (2 eq.)

O OPh

OH

O OPh

OH

THF, 40 °C, 24 h

67 68 69

+

2.  NaBO3·4H2O

 

Preparation of phenyl 3-hydroxycyclopentanecarboxylate.  In a glove box, a stock 

solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 mL).  

To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 μM) 

which was prepared in 1.2 mL THF.  After 2 h complexation time, the resulting yellow 

solution was added phenyl cyclopent-3-enecarboxylate (0.0993 g, 0.528 mmol) as a 

solution in THF (2 mL).  To this was added a solution of borane (1.06 mmol) in THF (1 

mL).  The reaction mixture was heated to 40 °C for 24 h.  Afterwards, the reaction 

mixture was cooled to room temperature sodium perborate (0.4062 g, 2.64 mmol) in 

THF:H2O (1:1, 4 mL total volume) and vigorously stirred for 4 h.  The resulting mixture 

was extracted with dichloromethane; the combined organic extracts were dried over 

magnesium sulfate and concentrated under reduced pressure.  Chiral HPLC analysis 

(Chiralcel-OD, 95:5 hexanes:isopropanol, 0.700) showed peaks at 47 minutes and 53 

minutes; 
1
H NMR (400 MHz, CDCl3) δ 7.41–7.33 (5H, m, a, b, c), 

4.49–4.42 and 4.37– 4.30 (1H, m, j), 3.20–3.07 and 2.99–2.89 (1H, 

m, f), 2.21–1.77 (7H, m, k, g, h, i).  Please see page 154 for 
1
H 

NMR spectrum.   
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OBnO O OBn

OH

+

O OBn

OH

70 71 72

1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, rt

2.  NaBO34H2O

 

Preparation of benzyl 3-hydroxycyclopentanecarboxylate.  In a glove box, a stock 

solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 mL).  

To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 μM) 

which was prepared in 1.2 mL THF.  After 2 h complexation time, the resulting yellow 

solution was added benzyl cyclopent-3-enecarboxylate (0.1068 g, 0.528 mmol) as a 

solution in THF (2 mL).  To this was added a solution of borane (1.06 mmol) in THF (1 

mL).  The reaction mixture was heated to 40 °C for 24 h.  Afterwards, the reaction 

mixture was cooled to room temperature and quenched by the addition of a sodium 

perborate sodium perborate (0.4062 g, 2.64 mmol) in THF:H2O (1:1, 4 mL total volume) 

and vigorously stirred for 4 h.  The resulting mixture was extracted with 

dichloromethane; the combined organic extracts were dried over 

magnesium sulfate and concentrated under reduced pressure.  
1
H 

NMR (400 MHz, CDCl3) δ 7.40–7.34 (5H, m, a, b, c), 4.52–4.43 

and 4.41– 4.30 (1H, br s, k), 3.21–3.01 and 3.00–2.89 (1H, m, g), 

2.19 (2H, s, e), 2.15–1.77 (7H, m, l, h, i, j).  Please see page 155 

for 
1
H NMR spectrum.  
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+

73 74 75

O

OBn

O

OH

O

OH

1. Rh(nbd)2BF4 (1 mol%)
    PinBH (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, rt and 40 C

2.  NaBO34H2O

O

BnO OBn

O

BnO BnO

O

OBn

 

Preparation of dibenzyl 3-hydroxycyclopentanecarboxylate.  In a glove box, a stock 

solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 mL).  

To this was added 1.0 mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 μM) 

which was prepared in 1.2 mL THF.  After 2 h complexation time, the resulting yellow 

solution was added dibenzyl cyclopent-3-ene-1,1-dicarboxylate (0.1775 g, 0.528 mmol) 

as a solution in THF (2 mL).  To this was added a solution of borane (1.06 mmol) in THF 

(1 mL).  The reaction mixture was heated to 40 °C for 24 h.  Afterwards, the reaction 

mixture was cooled to room temperature and quenched by the addition of a sodium 

perborate sodium perborate (0.4062 g, 2.64 mmol) in THF:H2O (1:1, 4 mL total volume) 

and vigorously stirred for 4 h.  The resulting mixture was extracted with 

dichloromethane, the combined organic extracts were dried over magnesium sulfate and 

concentrated under reduced pressure.  
1
H NMR (400 MHz, CDCl3) δ 7.37–7.23 (10H, m, 

a, b, c, n, o, p), 5.16 (2H, s, e), 5.13 (2H, s, l), 4.45–4.38 (1H, br s, j), 2.55–2.44 (1H, m, 

g), 2.42–2.38 (2H, d, J = 4.6, h), 2.34–2.28 

(1H, m, g), 2.00–1.90 (2H, m, i), 1.83–1.75 

(1H, k).  Please see page 156 for 
1
H NMR 

spectrum. 
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NO O N

OH

+

O N

OH

93 94 95

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaBO34H2O

Me

OMe

Me

OMe

Me

OMe

 

Preparation of 3-hydroxy-N-methoxy-N-methylcyclopentanecarboxamide.  In a 

glove box, a stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, 

degassed THF (1 mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh 

(0.0078 g, 13.25 μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, 

the resulting yellow solution was added N-methoxy-N-methylcyclopent-3-enecarboxylate 

(0.0819 g, 0.528 mmol) as a solution in THF (2 mL).  To this was added a solution of 

borane (1.06 mmol) in THF (1 mL).  The reaction mixture was heated to 40 °C for 24 h.  

Afterwards, the reaction mixture was cooled to room temperature and quenched by the 

addition of a sodium perborate sodium perborate (0.4062 g, 2.64 mmol) in THF:H2O 

(1:1, 4 mL total volume) and vigorously stirred for 4 h.  The resulting mixture was 

extracted with dichloromethane; the combined organic extracts were 

dried over magnesium sulfate and concentrated under reduced pressure.  

1
H NMR (400 MHz, CDCl3) δ 4.41 and 4.31 (1H, br s, f), 3.75 (3H, s, 

b), 3.73(3H, s, a), 3.29–3.15 (2H, m, d, g), 2.25–1.89 (6H, m, i, h, e). 

Please see page 157 for 
1
H NMR spectrum. 
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96 97 98

Me
N

O

OMeMe
N

O

OMe

OH

Me
N

O

OMe

OH

Me Me Me

1. Rh(nbd)2BF4 (1 mol%)
    Borane (2 eq.)
    Ligand (2.1 mol%)
    THF, 24 h, 40 C

2.  NaBO34H2O

 

Preparation of 3-hydroxy-N,1-dimethoxy-N-methylcyclopentanecarboxamide.  In a 

glove box, a stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, 

degassed THF (1 mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh 

(0.0078 g, 13.25 μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, 

the resulting yellow solution was added N-methoxy-N,1-dimethylcyclopent-3-

enecarboxylate (0.0894 g, 0.528 mmol) as a solution in THF (2 mL).  To this was added a 

solution of borane (1.06 mmol) in THF (1 mL).  The reaction mixture was heated to 40 

°C for 24 h.  Afterwards, the reaction mixture was cooled to room temperature and 

quenched by the addition of a sodium perborate sodium perborate (0.4062 g, 2.64 mmol) 

in THF:H2O (1:1, 4 mL total volume) and vigorously stirred for 4 h.  The resulting 

mixture was extracted with dichloromethane; the combined organic extracts were dried 

over magnesium sulfate and concentrated under reduced 

pressure.  
1
H NMR (400 MHz, CDCl3) δ 4.58 and 4.30 (1H, br 

s, f), 3.66 (3iH, s, b), 3.16 (3H, s, a), 2.15 (3H, s, j), 1.96–1.49 

(7H, m, e, i, h, g).  Please see page 158 for 
1
H NMR spectrum. 
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Preparation of 1-benzyl-3-hydroxy-N-methoxy-N-methylcyclopentanecarboxamide.  

In a glove box, a stock solution of Rh(nbd)2BF4 (0.0020 g, 5.35 μM) was prepared in dry, 

degassed THF (1 mL).  To this was added 1.0 mL of a stock solution of (TADDOL)POPh 

(0.0078 g, 13.25 μM) which was prepared in 1.2 mL THF.  After 2 h complexation time, 

the resulting yellow solution was added 1-benzyl-N-methoxy-N-methylcyclopent-3-

enecarboxylate (0.130 g, 0.528 mmol) as a solution in THF (2 mL).  To this was added a 

solution of borane (1.06 mmol) in THF (1 mL).  The reaction mixture was heated to 40 

°C for 24 h.  Afterwards, the reaction mixture was cooled to room temperature and 

quenched by the addition of a sodium perborate sodium perborate (0.4062 g, 2.64 mmol) 

in THF:H2O (1:1, 4 mL total volume) and vigorously stirred for 4 h.  The resulting 

mixture was extracted with dichloromethane; the combined organic extracts were dried 

over magnesium sulfate and concentrated under reduced pressure.  
1
H NMR (400 MHz, 

CDCl3) δ 7.27–7.07 (5H, m, l, m, n), 4.40–4.26 (1H, 

m, h), 3.76 (3H, s, b), 3.23 (3H, s, a), 2.51–2.31 (2H, 

j), 1.89–1.84 (7H, m, f, e, g, i).  Please see page 159 

for 
1
H NMR spectrum. 
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Preparation of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-

phenylcyclopentane carboxamide.  In a glove box, a stock solution of Rh(nbd)2BF4 

(0.0020 g, 5.35 μM) was prepared in dry, degassed THF (1 mL).  To this was added 1.0 

mL of a stock solution of (TADDOL)POPh (0.0078 g, 13.25 μM) which was prepared in 

1.2 mL THF.  After 2 h complexation time, the resulting yellow solution was added N-

phenylcyclopent-3-enecarboxamide (0.0988 g, 0.528 mmol) as a solution in THF (2 mL).  

To this was added a solution of borane (1.06 mmol) in THF (1 mL).  The reaction 

mixture was heated to 40 °C for 24 h.  Afterwards, the reaction mixture was concentrated 

under reduced pressure then extracted with dichloromethane.  The 

combined organic extracts were dried over magnesium sulfate and 

concentrated under reduced pressure.  Flash chromatography on 

silica (50:50 hexanes:ethyl acetate) afforded the title compound 

(0.0866 g, 80%): ).  TLC analysis Rf 0.58 (50:50 hexanes:ethyl 

acetate); 
1
H NMR (300 MHz, CDCl3) δ 7.59–7.49, (2H, d, J = 7.8, 

b), 7.43 (1H, s, e), 7.36–7.27 (2H, t, J = 8.0, c), 7.13–7.04 (1H, t,  

g
h

j k

i

f
O
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O l

O
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Me

Me
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J = 7.3, a), 2.83–2.69 (1H, quintet, J = 8.2, g), 2.23–2.09 (1H, m, k), 2.03–1.72 (6H, m, i, 

h, j), 1.25 (12H, s, m); 
13

C NMR (0.75 MHz, CDCl3) δ 174.56 (f), 138.47 (d), 129.12 

(b), 124.16 (a), 120.00 (c), 83.51 (l), 75.25 (g), 48.68 (h), 33.26 (i), 31.53 (j), 28.41 (k), 

24.97 (m); IR (neat, cm
-1

) 3297 (N-H stretch), 2974 (CH sp
2
 stretch), 2929 (CH sp

3
 

stretch), 1663 (C=O stretch), 1605 (C=C stretch), 1536 (N-H bend), 1430 (aromatic ring 

stretch), 1368 (CH3 antisymmetrical stretch), 1307 (CH3 symmetrical stretch), 751 (CH2 

rocking), 666 (C-C=O bend); HRMS (HRFAB) calcd. for C18H27BNO3 (M+H)
+
: 

316.2084, found 316.2073 m/z.  Please see page 160–161 for 
1
H and 

13
C NMR spectra, 

respectively. 
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Preparation of potassium 3-N-phenylcyclopentcarboxamide trifluoroborate.  After 

dissolving the organoboronate ester (0.2137 g, 0.68 mmol) in methanol (0.75 mL) at 

room temperature, was added dropwise a saturated aqueous solution of potassium 

hydrogen fluoride (0.2648 g, 3.39 mmol, 4.52 M).  The reaction was allowed to stir at 

room temperature for 6 h.  The solvent was then removed in vacuo to afford a mixture of 

solids that was dried under low pressure for 0.5 h.  Extraction of the solid mixture was 

done with acetone, followed by filtration afforded a solution of the product in acetone.  

The solution was then reduced under reduced pressure to afford a concentrated acetone 

solution.  Diethylether was added to precipitate the product.  After filtration, the product 

was obtained as a white crystalline solid (0.1555 g, 78% yield):  
1
H NMR 

(300 MHz, CD3OD) δ 9.64 (1H, s, e), 7.61–7.52, (2H, d, J = 7.7, c), 7.34–

7.24 (2H, t, J = 8.3, b), 7.11–7.02 (1H, t, J = 7.4, a), 2.80–2.67 (1H, m, 

g), 2.07–1.95, (1H, m, j), 1.91–1.80 (2H, m, h), 1.77–1.55 (3H, m, j, i), 

0.89 (1H, br s, k); 
19

F NMR (282 MHz, CD3OD) δ -151.05; IR (neat,   

g
h
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i

f
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N
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d
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cm
-1

) 3416 (N-H stretch), 2974 (CH sp
2
 stretch), 2913 (CH sp

3
 stretch), 2353, 2325, 1671 

(C=O stretch), 1385 (C-N stretch), 825 (out-of-plane CH aromatic deformation), 772 

(CH2 rocking).  Please see page 162–163 for 
1
H and 

19
F NMR spectra, respectively. 
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rt, 1 h TMDB66  

Preparation of TMDB.
27

  Under an atmosphere of nitrogen, 2-methylpentan-2,4-diol 

(2.3636 g, 20.00 mmol) was dissolved in dry DCM (10 mL) and cooled to 0 °C.  A 

concentrated solution of BH3 in DMS (2.0 mL) was added dropwise and stirred at this 

temperature for 2 h.  It was allowed to stir at room temperature for 1 h; after this allotted 

time the solution was concentrated in vacuo for 1 h without added heat.  The 
1
H NMR is 

checked for DMS.  When DMS no longer remains, the liquid is distilled at 60 torr (50–

100 °C) to yield a colorless liquid (1.700 g, 66%): 
1
H NMR (400 MHz, CDCl3) δ 4.26–

4.18 (1H, m, f), 1.89–1.77 (1H, dq, J = 14.18, 2.8, c), 1.63–1.50 

(1H, t, J = 13.2, c), 1.33–1.25 (9H, m, a, e).  Please see page 164 

for 
1
H NMR spectrum. 
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Chapter 15: Spectra Appendix 
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