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Summary of thesis contents

Catalytic hydrogenation of unsaturated compounds, such as alkenes, alkynes, aldehydes,
ketones, and imines is one of the important reactions in the organic synthesis. Conventionally,
transition metals such as Ni, Pd, Pt, Ru, and Rh have been used as catalysts for the
hydrogenation. However, concomitant derived from transition metals in the resulting products
is problematic for the synthesis of pharmaceuticals, agrochemicals, and fine chemicals. In
order to overcome this problem, the development of a metal-free organocatalytic hydrogenation
is highly desirable. Recently, frustrated Lewis pairs (FLPs) generated from boron reagents have
appeared as efficient catalysts for the hydrogenation of imines, enamies, silyl enol ethers, and so
on. However, the catalytic systems for hydrogenation of carbonyl compounds are still limited.
In this thesis, the author developed the borane-catalyzed efficient hydrogenation of carbonyl
compounds.

This thesis is composed of general introduction, chapters 1 and 2, and general conclusion. In
the general introduction, the author describes the background about the catalytic hydrogenation
reaction. In chapter 1, the author describes the borane-catalyzed hydrogenation of carbonyl
compounds with the Hantzsch ester. In chapter 2, the mechanistic studies for the
borane-catalyzed hydrogenation of aldehydes are describe. Finally, the author describes the

general conclusion of this thesis.

Chapter 1.

The author developed the hydrogenation of carbonyl compounds with hydrogen donors in the
presence of borane catalysts. The author examined several borane catalysts and hydrogen
donors for the hydrogenation of cyclohexanecarbaldehyde 3a (Table 1). The hydrogenation of
3a with the Hantzsch ester 2 took place in the presence of 5 mol%
tris[3,5-bis(trifluoromethyl)phenyl]lborane 1 in toluene at 60 °C for 12 h to give
cyclohexanemethanol 4a in 70% yield (entry 1). Under similar conditions, the reaction with
B(CsFs5)s and BF3*OEt, afforded 4a in 28 and 2% yield, respectively (entries 2 and 3). No
catalytic activity was observed in the hydrogenation reaction with BPhs (entry 4). The other
hydrogen donors were also tested for the reaction in the presence of borane 1 as the catalyst
(entry 5-8). N-Benzyl-1,4-dihydronicotinamide 5 was not a suitable hydrogen donor in this
reaction (entry 5). The use of 5,6-dihydrophenanthridine 6 and 2-propanol led to low yield
(entries 6 and 7). No desired alcohol 4a was obtained in the reaction of 3a with formic acid
(entry 8). When the reaction was performed in 1,4-dioxane at 60 °C, desired alcohol 4a was
obtained in 78% vyield (entry 9). Finally, efficient hydrogenation of cyclohexanecarbaldehyde
3a was achieved by raising the reaction temperature to 100 "C (97% yield, entry 10).
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Table 1. Hydrogenation of cyclohexanecarbaldehyde 3a

o]
O)LH Cat. (5 mol%) O/\OH
Hydrogen donors (1.5 equiv)
3a Solvent, Temp. ("C), 12 h 4a
Entry Cat. Hydrogen donors ~ Solvent Temp. ("C)  Yield (%)
1 1 2 Toluene 60 70
2 B(CgFs)s 2 Toluene 60 28
3 BF3OEt, 2 Toluene 60 2
4 BPhs 2 Toluene 60 0
5 1 5 Toluene 60 0
6 1 6 Toluene 60 13
7 1 ProH Toluene 60 12
8 1 HCO,H Toluene 60 0
9 1 2 1,4-Dioxane 60 78
10 1 2 1,4-Dioxane 100 97
CF;  CF4 o o 0 O
,@ Q EtO OEt O)LNHZ
FsC B CFy || N O
N N
H . N
FsC CF3
1 2 5 6

To demonstrate the extent of substrate tolerance in this reaction system, various aldehydes were
used for the hydrogenation reaction (Scheme la and 1b). Aliphatic aldehydes 3b-f bearing
cyclopentyl and linear alkyl groups underwent hydrogenation at 100 °C to afford the
corresponding alcohols 4b-f in 71-81% vyield. Hydrogenation of 10-undecenal (3g) took place at
the formyl unit with the olefinic group intact to give 4g in 71% yield.

Q 0
o FaC CFs Etowoa
Alkyu)LH Q Alkyl” ~OH
3

Me N~ "Me
H 4
or 1 (5 mol%) 2 (1.5 equiv) or
i 1,4-Dioxane, Temp ('C), 12 h Ar” T OH
Ar H 8
7

a) Scope of aliphatic aldehydes (Temp. =100 “C)

OH
O/\ O/\OH C11H23/\0H

b) Scope of aromatic aldehydes (Temp. =25 °C)

SadWeatera

42 97% 4b 78% 4c71% | 8a 100% 8b 92% 8¢ 89%
5 OH OH OH
C9H19 OH C?H15 OH pPh” ™~""QH ! ; -
| FsC
4d 82% 4e 80% 4 81% | 8d 100% O 8e 100% 8f 100%
' OH X R\

g N - I
A on o [oni T (o ¥ or
49 71% 4h 88% 4i 70% 8g 100% 8h X = 0 100% 8j 91%

, 8i X=S5 100%

Scheme 1. Borane-catalyzed hydrogenation of aldehydes with the Hantzsch ester.
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Sterically hindered aldehydes 3h and 3i were subjected to the reaction to afford 4h and 4i in 88%
and 70% vyield, respectively. The reaction of aromatic aldehydes 7a-d bearing electron-donating
and -withdrawing substituents on their aromatic rings was carried out at lower reaction
temperature (25 °C) to give the corresponding alcohols 8a-d in good yield. Hydrogenation of
aldehydes having acetyl and alkenyl groups took place at their formyl unit with the functional
groups intact to give alcohols 8e and 8f in quantitative yield. Ortho-tolylaldehyde (7g) was
subjected to the hydrogenation to give alcohol 8g in quantitatively. Aldehydes bearing 2-furyl,
2-thienyl, and 2-indolyl groups also underwent the reaction to afford the desired alcohols 8h, 8i,
and 8j in 100%, 100%, and 91% yield, respectively.

The hydrogenation of acetophenone with the Hantzsch ester 2 also proceeded in the presence of
borane 1 at 60 °C for 12 h to give 1-phenylethanol in 48% yield (Scheme 2).

CF3 CF4
OHHO
EtO ] OEt

Me™ N Me
0 F3C CF3 H OH

1 (5 mol%) 2 (1.5 equiv)
1,4-Dioxane, 60 °C, 12 h

48%

FsC B CF,

Scheme 2. Hydrogenation of acetophenone.

Chapter 2.

In this chapter, the author studied the reaction pathways of the borane-catalyzed hydrogenation
reaction. Possible two reaction pathways of the borane-catalyzed hydrogenation of aldehydes
with the Hantzsch ester 2 are shown in Scheme 3. In path A, the author assumes that the
coordination of the carbonyl group of 3 and 7 to borane 1 produces the zwitterionic intermediate
Intl. Subsequent hydrogen transfer from the Hantzsch ester 2 vyields the pyridinium

alkoxyborate salt Int2, which undergoes proton transfer to regenerate borane 1 along with the

R'OH i R'OH
4o0r8 ! dor8 OHHO
o * o Path A o 3 + Path B EtO
Me” “N”~Me B]=1 3or7 | (B]=1
0 1
o
o] 0 @o/[B] :
EtO 1" "OEt | ! Etow
Me” “N""Me it N"~Me N Me
H © ! e
[B] J : H o8 q H-(B]
R1707 O HH O 5 RO o Int3
Int2 ! Int2
Me” "N" " Me ' 3or7
5

Scheme 3. Possible two reaction pathways
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formation of alcohols 4 and 8, and the Hantzsch pyridine 9. On the other hand, in path B,
hydrogen transfer from the Hantzsch ester 2 to the boron center of 1 would initially take place to
afford the pyridinium hydridoborate salt Int3. The reaction of Int3 with aldehydes 3 and 7
followed by proton transfer of Int2 gives alcohols 4 and 8, the Hantzsch pyridine 9, and borane
catalyst 1.

To obtain a mechanistic understanding of the hydrogenation reaction, the author examined the
stoichiometric reactions as shown in Scheme 4. The reaction of borane 1 with a stoichiometric
amount of benzaldehyde 4a was performed in CD2Cl; at 25 °C (Scheme 4a). 'H, *3C, and B
NMR spectroscopic studies of the reaction mixture showed the formation of Intla. The
reaction of Intla with the Hantzsch ester 2 gave benzyl alcohol 6a in 90% NMR vyield. In
contrast, the reaction of borane 1 with a stoichiometric amount of the Hantzsch ester 2 resulted
in no Int3 formation under similar conditions (Scheme 4b). These results supported that the

reaction proceeds through the path A.

a) OHHO
EtO OEt
CF; CFs ||
o Me H Me
B] :
@ [ 2 (1 equiv)
FsC B CF ——>» 0 -
¢ ¢ +ph)'LH CD,Cl,  Ji_ 10min, 100% conv. Ph™ "OH
7a 25°C  Ph H 90% vyield 8a
FsC » CF4 (1 equiv) Int1a ([B] = 1)

b)  CFs CFs

D0 SR LA
Et0” N~ “OEt

Me™ N~ Me cp,cl,  Me : Me

FaC CFs , 25°C H-[B]
1 2 (1 equiv) Int3 ((B] = 1)

not observed

Scheme 4. a) Stoichiometric reaction of borane 1 with benzaldehyde 7a. b) Stoichiometric
reaction of borane 1 with the Hantzsch ester 2.

Next, the author investigated the hydrogenation of 7a catalyzed by borane 1, B(CsFs)s, BFs, and
BPhs using the DFT method. The author initially examined the hydrogenation reaction
catalyzed by borane 1, assuming that the Lewis acid activates the carbonyl group of 7a. The
relative energy diagram is shown in Figure 1. The Lewis acid was attached to the carbonyl
oxygen atom of 7a. The energy of Intla is lower than that of the dissociated state of the three
species (1+7a+2), by 7.8 kcal/mol (Red line). The attack of the Hantzsch ester 2 to the C=0
bond in Intla gives the pyridinium alkoxyborate Int2a via TSa. The activation energy of TSa
is calculated to be 11.8 kcal/mol. The pyridinium alkoxyborate Int2a easily dissociates to give
the product 8a, the Hantzsch pyridine 9, and borane 1. To see the reasons why the catalytic
activity of borane 1 was higher than that of the other borane catalysts, the author next studied the
reaction in the presence of B(Ce¢Fs)3, BF3, and BPhs in place of borane 1. The activation energy
of TSb in the reaction catalyzed by B(CeFs)s is calculated to be 15.7 kcal/mol, which is higher
than that of TSa (Blue line). On the other hand, the activation energy of TSc in the reaction
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catalyzed by BFs is calculated to be 10.2 kcal/mol, being lower than that of TSa (Green line).

However, the state (BFs+8a+9) is high in energy, 34.8 kcal/mol, relative to Int2c.

Thus, the
final step is unlikely in the BFs-catalyzed reactions.

In the presence of BPhs, the activation
energy of TSd is calculated to be 21.6 kcal/mol (Black line), which is much higher than that of

TSa, TSb, and TSc. These results suggest that the catalytic activity of

tris[3,5-bis(trifluoromethyl)phenyl]borane 1 is higher than that of the other borane catalysts such

as B(Cer)s, BF3, and BPhs.

t
Red: [B] =1 I_C|) OEt
Blue: [B] = B(CgF5)3

Green: [B] = BF; H Q 0
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Figure 1. Energy diagram at the B3LYP/6-31G(d,p) level of theory (kcal/mol).

In conclusion, the author has developed tris[3,5-bis(trifluoromethyl)phenyl]borane-catalyzed

hydrogenation of aldehydes with the Hantzsch ester 2 as the hydrogen donor. The catalyst

efficiently promoted the hydrogenation of a variety of aromatic and aliphatic aldehydes. The
experimental results and the calculations showed that the reaction proceeds through the

activation of carbonyl groups of aldehydes with borane 1 followed by hydrogen transfer from the

Hantzsch ester 2 to the boron center of 1. The calculations also suggest that the catalytic

activity of tris[3,5-bis(trifluoromethyl)phenyl]borane 1 is higher than that of the other borane
catalysts such as B(CesFs)s3, BFs, and BPhs.
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Summary of the results of the doctoral thesis screening

KBS TRIZAEAER 7oA CBWTEAN D DBEELKIEOOES>TH DL, it
KO KFRIE TIEEBRSRBMENHA O TEX 2, LrLAB L, AN LI
JRERHZ SOSER H ~ D& R O BB NRME L 725, RimX Tk, L oOMEERBEI 5
fRIRT 52 Z Lz BAIIC, @R EZHWRWAES FMEEZ AW v R =k & 8 ok#EA
FOS LREBEBOMFSZIT> T\ D, HEEHEIX, A FMEEE L TREEEBINATHWD A
ARy FEA., £ LT, KEMEERLEL L TNADBEREICER L. AFE(SIS LD R
ZATO L BT KL OFEME ERIEFHOFELHERTHNFEZHVHLLE L TWDS,

K SIFam. AR, i O S, KwIZ2ENOR > TV D,

Tk, ko BAMBEEZ AW KB TROMBESE L TEBOERYF ~DIRA
ML, TOMREL Lo 7R 2 AV 7o KERBS D% F] . RimSC TR T
DRI AT LA~DER~NLELZHEERETLEDLNLTND,

FIE T AR BLEDEMBEE L THWIZ D AR = LAY DK FCSE ik~
bTWd, A VRILEW., KER-RGEREFEORX 7V —= 72 FEh L, &% 8
WUTRER., e L CEFRRERAHA Y FILAEW., KFEHEGIRL L THantzsch™ X7
NERWD ZETIRBEET VT B ROKFAENI00CIZ THEITTHZEEZRHL TS AR
FOSY AT DEFEERT VT E RICHLTHAENTHY . B E WO REMREME T TKHE
EROSZfiE L, st 27 va— L& ENETH WD, £, A—o7FrEEcIhd
LHERE(E=VE, TEFAERE)RGFEELEEAEL, 7TAT B ROLRPERRBICKSE
fbahn TRy, @M bFE@EIRMEZ R Lz, 72, KAERZMO I VR =L EH~D K
FIRIE~EBEH L TW5D,
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Wb, fLFMmmEOR Y FEME NN EZBROFERNS | AUSIEFA U R k27
NT b ROEMALDO DB Hantzschm AT NS DKEBHNEZ LD EHEL TV D,
HEE L2 OGRS O &2 . FHEAL R TIEIC K DI L TV 5, EBIREHE O E 2
O, RGN EFRERAHEAY FLEMIT L HEMILESNTZT VT B RiZx LT,
HantzschT™ AT /LN E DKBBEICKIVET T2 L 2HAPRICRL TS, £, FHIEIZ
BWTAZ Y == 7 LI —HEOEHA Y RMESWTHEERDFREZIT VN il BTS2 o E
WIZDOWTHMICERZLTWVWD, ZOBRITERMRELZLIHAT IO TH S,

fiam ClE, B ERIEL TV D,
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