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Scheme 1. Organocatalytic hydrogenation of a,B-unsaturated aldehyde 3.
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Scheme 2. Proposed reaction mechanism for the organocatalytic hydrogenati-

on of a,B-unsaturated aldehyde 3.
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Scheme 3. Organocatalytic hydrogenation of ketimine 7.
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Scheme 4. Proposed reaction mechanism of the organocatalytic transfer

hydrogenation of ketimine 7.
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Scheme 5. Organocatalytic hydrogenation of quinoline 10.
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Scheme 7. a) Activation of molecular hydrogen with phosphino-borane 15.

b) Activation of molecular hydrogen with PR3 and B(C¢Fs)s.
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Scheme 9. Proposed reaction mechanism of the catalytic hydrogenation of imine 19

using phosphonium borate 16.
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Scheme 11. Hydrogenation of carbonyl compounds using B(CgsFs); and Et,O under
H,. a) Hydrogenation of ketones 32. b) Hydrogenation of cyclohexanecarbaldehy-

de (34).
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Scheme 12. Hydrogenation of carbonyl compounds with B(C¢Fs); and 1,4-dioxane

under H,. a) Hydrogenation of ketones 32.  b) Hydrogenation of aldehydes 36.
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(Scheme 14).
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Scheme 14. Hydrogenation of acetaldehyde with alcohol dehydrogenase and NADH.

Z ZCEHEIL, WU Lewis RMEEIZ X 0 VAR =V EATEM AL L, NADH
R EER S E 2 2 8T, 2 E CHREETH - 7oA AT X 5 LR
=L EMDORFIEZFZBLTE LD TIIRVW N EE T, £ 2T, K¥L
A TIE Lewis Fefifit & U Cas o Rkt 2 vy, KFEMEEAR L LT Hantzsch

T AT NVE W VR =LA O KELRSE DO BIFIZ OV CRET.

12



AREFACGRSOE, Fam, H1E, H28, BIOEE»OHEREND.
T, R UHEMMEE H - Hantzsch =27 L& KEMGARE T 00
R= LB DKRFALIGIZ DN TR~ S

BT, AU HEMiEE H - Hantzsch — AT LA KFEMGARE LT

7 & FOIRFECSIE DB SHERERET OV CRER 55

13



235 3K

(1) (a) Nishimura, S. Handbook of Heterogeneous Hydrogenation for Organic
Synthesis, Wiley-Interscience 2001; (b) De Vries, J. G.; Elsevier, D. J. The Handbook
of Homogeneous Hydrogenation, WILEY-VCH, Weinheim, 2007.

(2) (a) Adolfsson, H. Angew. Chem. Int. Ed. 2005, 44, 3340-3342; (b) Connon, S. J.
Org. Biomol. Chem. 2007, 5, 3407-3417; (c) You, S.-L. Chem. Asian. J. 2007, 2,
820-827; (d) Johannes, G. D. V.; Natasa, M. Catal. Sci. Technol. 2011, 1, 727-735; (e)
Rueping, M.; Dufour, J.; Schoepke, F. R. Green. Chem. 2011, 13, 1084-1105; (f)
Zheng, C.; You, S.-L. Chem. Soc. Rev. 2012, 41, 2498-2518.

(3) Yang, J. W.; Fonseca, M. T. H.; List, B. Angew. Chem. Int. Ed. 2004, 43,
6660-6662.

(4) Rueping, M.; Sugiono, E.; Azap, C.; Theissmann, T.; Bolte, M. Org. Lett. 2005, 7,
3781-3783.

(5) Rueping, M.; Antonchick, A. P.; Theissmann, T. Angew. Chem. Int. Ed. 2006, 45,
3683-3686.

(6) Procuranti, B.; Connon, S. J. Chem. Commun. 2007, 1421-1423.

(7) (a) Stephan, D. W.; Erker, G.; Angew. Chem. Int. Ed. 2010, 49, 46-76; (b)
Frustrated Lewis Pairs 1, Uncovering and Understanding; Erker, G.; Stephan, D. W_;
Eds.; Topics in Current Chemistry 332; Springer: Heidelberg, Germany, 2013; (c)
Frustrated Lewis Pairs II, Expanding the Scope; Erker, G.; Stephan, D. W. Eds.;
Topics in Current Chemistry 334; Springer: Heidelberg, Germany, 2013.

(8) Welch, G. C.; San Juan, R. R.; Masuda, J. D.; Stephan, D. W. Science 2006, 314,

14



1124-1126.

(9) Welch, G. C.; Stephan, D. W. J. Am. Chem. Soc. 2007, 129, 1880-1881.

(10) Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew. Chem. Int. Ed. 2007,
46, 8050-8053.

(11) a) Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.; Frohlich, R.; Erker, G.
Angew. Chem. Int. Ed. 2008, 47, 7543-7546; b) Sumerin, V.; Schulz, F.; Atsumi, M.;
Wang, C.; Nieger, M.; Leskeld, M.; Repo, T.; Pyykko, P.; Rieger, B. J. Am. Chem. Soc.
2008, /30, 14117-14119; c) Chen, D.; Klankermayer, J.; Chem. Commun. 2008,
2130-2131; d) Jiang, C.; Blacque, O.; Berke, H.; Chem .Commun. 2009, 5518-5520;
e) Axenov, K. V.; Kehr, G.; Frohlich, R.; Erker, G. J. Am. Chem. Soc. 2009, 131,
3454-3455; ) Er6s, G.; Mehdi, H.; Papai, 1.; Rokob, T. A.; Kiraly, P.; Tarkanyi, G.;
Soos, T. Angew. Chem. Int. Ed. 2010, 49, 6559-6563; g) Chen, D.; Wang, Y.;
Klankermayer, J. Angew. Chem. Int. Ed. 2010, 49, 9475-9478; h) Reddy, J. S.; Xu,
B.-H.; Mahdi, T.; Frohlich, R.; Kehr, G.; Stephan, D. W.; Erker, G. Organometallics
2012, 317, 5638-5649; 1) Farrell, J. M.; Hatnean, J. A.; Stephan, D. W. J. Am. Chem.
Soc. 2012, 134, 15728-15731; j) Erés, G.; Nagy, K.; Mehdi, H.; Pépai, 1,; Nagy, P.;
Kiraly, P.; Tarkanyi, G.; So6s, T. Chem. Eur. J. 2012, 18, 574-585.

(12) Wang, H.; Frohlich, R.; Kehr, G.; Erker, G.; Chem. Commun. 2008, 5966-5968.
(13) a) Greb, L.; Ofia-Burgos, P.; Schirmer, B.; Grimme, S.; Stephan, D. W.; Paradies,
J. Angew. Chem. Int. Ed. 2012, 51, 10164-10168; b) Inés, B.; Palomas, D.; Holle, S.;
Steinberg, S.; Nicasio, J. A.; Alcarazo, M. Angew. Chem. Int. Ed. 2012, 51,
12367-12369; c) Greb, L.; Daniliuc, C.-G.; Bergander, K.; Paradies, J. Angew. Chem.

Int. Ed. 2013, 52, 5876-5879; d) Hounjet, L. J.; Bannwarth, C.; Garon, C. N.; Caputo,

15



C. B.; Grimme, S.; Stephan, D. W. Angew. Chem. Int. Ed. 2013, 52, 7492-7495.

(14) Geier, S. J.; Chase, P. A.; Stephan, D. W. Chem. Commun. 2010, 46, 4884-4886.
(15) Segawa, Y.; Stephan, D. W. Chem. Commun. 2012, 48, 11963-11965.

(16) (a) Mahdi, T.; Stephan, D. W. J. Am. Chem. Soc. 2014, 136, 15809-15812; (b)
Scott, D. J.; Fuchter, M. J.; Ashley, A. E. J. Am. Chem. Soc. 2014, 136, 15813-15816.
(17) Voet, D.; Voet, J. G.; Pratt, C. W. Fundamentals of Biochemistry, John Wiley &

Songs 1999.

16



- =

AU RMEE A2 AV 7~ Hantzsch = X7 )L %

KFEEER L T D INVKR =G D KIS

Hamasaka, G.; Tsuji, H.; Uozumi, Y. Synlett 2015, 26, 2037-2041

17



Frim T 7= K 91T, EHE LY Lewis FRfilfE 2 VY, NADH R IK % 7k
FER LT D 2 L THE D FRBEC XD VR = b & O K FEAL G0
KBITHOTIHRWNEB X T2, FHIL, Lewis Bl & U CHMES U HELA
WIZER L7z,

IR O FLAEWIL, mUFEFLO Lewis BBIEA TR T 5 Z & THix 7200 1
TSI BT S L THWSATE ! Brio, MU RS E 7040
7 = =R T U (B(CeFs))lE, BRkx 220y TS O & L THW BT
%2 1993 4, Yamamoto © I3 B(CeFs)s % filliic FV N P2 A5y 1 2 S & 4
T4 L7=(Scheme 1-1).°  filllii& > B(CeFs)s DIEIE F, X AT A7k R
(36a)& U LT ) —)Lm—T )L 40 DENIT /L R—)VEOSHAEIT L, Wisd 5
B-t Fuxi 7 by 4l ZRIFRIRTEZ L2 L2RE LTS, T,
B(CeFs)3 1T X7 0T v KB6a L 7T VU LT 2 42 ORI T VU AL
Off e UTH AL TH H(Scheme 1-2).) 25 DEISIE, B(CeFs)s 12 & B
VAT VT B R(36a)D A1 VR = VIEDIEMEALIZHE v U v ) — =T L

40 FFZTINT T2 EDORINIEVEITLTWD EFPREINS.

F FF Fi
1) B(CgFs)3 (2 mol%) : ;
0 OSiMe; CH,Cl,, -78 °C OH O  F B Fi

+ - N F
Ph/u\ b A Ph 2) HCI Ph)\)J\ Ph: F F
36a 40 a4 F b

Scheme 1-1. B(C¢Fs)3-catalyzed Mukaiyama aldol reaction and Michael addition.
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1) B(C4Fs)s (5 mol%)
0 . )\/ , CHyClp,-78°C M
ph/u\ h SiMes 5 Bu,NF g Ph

36a 42 43
93%

Scheme 1-2. B(C¢Fs)s-catalyzed Hosomi-Sakurai allylation.

PLEDZ EMBEFIL, B(CsFs)s DEIIZ3 DOEBFAREREHERE L ORY
FLEWD, TR UL ThONAR =V EOTEAL 2 L L 5 50 1A
FOSIZiE LT\ &35 272,

Z 2T, FHIL B(CeFs); DERIZ 3 DOETRER S EREZ b OAMS U H#L
B ARy TRt & U CAV NADH $Eiik 2 kEMGHR T2 LT, &
VIR = AL S DR K FZCSOS DBRAFEZ1TO Z L & L.

LITF% 2 BiCikh v Hzils HWi=7 v7 v ROKERIGIZE T 5 K6
FIERFHI DWW TR AR D 55 3 Hi Cldbk & 22 0 LR = /U b S O filiir )k 4k

FOSDORFHZSOWTREIR T 5.
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o RUBMERHAVETLUTE FOABIRIGIZEIT 5 KIH&HE
R

Eltl_l

R U BMBEDOIFIE T NADH BRI L 57 mAakh o HARF 7T
b F(34a)DKFCSUSITIBNT, SUSSHET 2 F4hE L 7= (Table 1-1). NADH
SRR & L C Hantzsch = A7)V 22° Z3E L, L&D K AR & 7 uA4
07 ==K T UBCFs)DFIET, vZandPhrHLRFr 7 ATEe R
(B4a) D KB G AT -T2 2 A, BIEO Y7 a~FHh o AKX ) —)L (352)8
IR 28% T H AL/ (Entry 1). S B250FEDM EZHFFL, B(CsFs)s; LV b
FRVY Lewis fEMEZ A3 2R U R 2 W TS ZRA L Z & & L. &,
Ashley S1% h U R[3,5-EZA(h U 7 F 0 AF LT 2= /L)RT L (44)* 2 A
L, ZOKRUEEY 44 )5 B(CeFs); L 0 0\ Lewis BAEZ2 AT 5 2 & 2
LCW5., £ZTC, RUEMBLE LTRT 44 238E L, 1.5 48O Hantzsch
T ATV 2a FFAE T 60 °C 12T 34a DAKRFE(UIEZIToT & 2 A, LG
T D 35a ODPLEEDN 70%~L M E L7z, —J7, BF3*OEL &R T filift & LT
Bt % i U7= 856, 35a OIEIZDOT ) 2% Th > 7= (Entry 3). F72, BEt
B L OBPhy 278 7 Uil & L CH da DKRFEILIG 2 RA 7203, BIO K
IZHEIT L7 > 72 (Entries 4 and 5). #RIZ, NADH ik L OF DO KSE
e EARDO MR 21T > 7= (Entry 6-16). Tert-7 F /L i %44 5 Hantzsch = A7 /L
2b ZARFEMGRE L CRIEEITo72E 25, BIOUEER 46%~ KT L
7=(Entry 6). N-X_>P)L-14-Vk Run=aF 7 I RA45) ZHW=-54, BY
DAL AT LR > 72(Bntry 7). 12-Pb Fr 7 =) U P46 %

FANWTKISEE L& 2 A, BROT L3 — L3R 13% T 5 U7 (Entry
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Table 1-1. Screening of borane catalysts, hydrogen donors, and solvents

Cat. (5 mol%) _ OH
H  “Hydrogen donor (1.5 equiv)
Solvent., Teamp. (C). 12h
34a 35a
Entry Cat Hydrogen donor Solvent Temp. ('C) Yiedd (%)
1 Toluene 60 28
2 a4 2a Toluane &0 70
3 BF,*OEt, 2a Toluene 60 2
4 BEL, 2a Toluene 60 0
5 Bfh, 28 Toluene 60 0
5 4 . Toluene 60 W
7 44 a5 Toluene 60 0
] 44 46 Toluene 60 13
Kl 44 47 Toluene &0 13
10 44 47 Toluene 60 6
1 44 HCO,H Toluene 80 0
12 44 HCO;Na Toluene &0 0
12 M HCO,;NH, Toluene 60 0
14 44 1 4cycichexadiene Toluane 60 0
15 44 PrOM Toluane &0 12
16 44 Hydroguinone Toluene 60 0
17 44 HNNH, Toluene 60 0
LT, . S H(0am . Tovene & 0
19 44 2a THF 60 70
20 44 2a 1.4-Dioxane 60 78
21 44 2a DCE &0 72
22 44 2a CH,CN &0 23
23 44 2a DMF &0 0
24 a4 28 DMSO 80 0
25 M B e, POH 80 0
26 44 2a 1.4-Dioxane 100 97
3 3
F FF 3 CF, CF,
AN DL
F F FyC B CF,
B 3
F F FyC CFy
F 44
B(CeF gy
0 o 0 O
ROy Y R (LT ™ (]
N N N N
H Ph H R
20 R=Et 45 46 31A=H
2b: R =By 47-R « Me
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8). 9,10-Pt Fu 77U 31 BLDY 9,10-Pk Ru-10-AF LT 7 UV
@7 ZHWIEHAICBW TS, A0 7 L a—UIERINR T LVE SR D
72 (entries 9 and 10). F 72, NADH B AL DK B GARDOBFT H1T o 72.

WElE, IEEATT N U UL, IEEET UE= U A, 147 aanF Y Uo s akEHE
HRE L CTHWESES, BORIGTELS E#EIT LR > 2 (Entry 11-14). A
TRELT V3=V OFEE NI TRINEFEmL 7223, HEOT /L a—/1 35a
IZIR 12% Lo B2y - 7=(Entry 15). AKFEHGARE LT Rk ) R0
bt NIV EHWTRIGZRATZD, HIOWIIE 5417202 > 72 (Entries 16 and
17). £72, 10 [EDKFE T ZFZHZ FIZEBWT S RUSTHET L7275 72 (Entry
18). WRIZ, BUNRBEOKGE % Elifi L7 (Entry 19-25). T DR, 1,4-U 4%
UINEEEE LTTE L CERY, BET AT L a—L 35a HUGE 78% TR
(Entry 20). FF&EHIIZIE, 5mol% DA 7 > 44 13 XN 1.5 ¥4 & Hantzsch — A 7 /L
2a DAFET 100 “C 2T 34a DARFEILZITO 2 & T, 35a BSUR 97% TH5

o 4172 (Entry 26).
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B3I A= VEE W O R K AL RS O R EY

i B DR 7 L 44 15 KL OV1.5 24 B D Hantzsch T A 7 /L 2a DIFFE FIZC, ki~
IRNENAIE T VT & R 34 OKFELSOL % FEhi L 72(Scheme 1-3). &7 m X & v
TNVRT VT & RE4b) DK FE L RIGE 1,4- A F 32 H 100 °C 12 THT
ST A, ralRu B AH ) — L (35b) IR T8% T Lz, EHLIR
DOREIAHET VT & K 34e, 34d, 3de, 351 U 34f ORI K FZC SR DRI
HATL, 73—/ 35¢, 35d, 35e, 35 LU 35f 2 L EIUIER 71%, 82%, 80%,
BLO8I%TEH 2. 10-7 T v F—1B4g)DAKFL ST RIEA L 7 1
DIEITLBE T B Z &7 TIVT & ROLRIRWNE LA EIT L, BRI T

R AW G LTz, SEREZE EmVEER T VT & R 34h 55 KO 34i &L

CF4 CF3
/ ']
Q0 3 3
F4C B CF4 E£10 OEt
J B
J N
(o] FaC CFy
I 44 (5 mol%) 2a (1.5 equiv)
R” “H : : > R” OH
1,4-Dioxane, 100 °'C, 12 h
34 35

OH
O/\ O’/\OH C11H23/\OH C9H19/\OH C7H15/\OH Ph/\/\OH

35a: 97% 35b: 78% 35¢c: 71%" 35d: 82% 35e: 80% 35f: 81%
= OH
Aron Mo, @vm
35g: 71% 35h: 88% 35i: 70%

Scheme 1-3. Scope of aliphatic aldehydes. a)The yields were determined by GC
analysis using an internal standard (biphenyl or mesitylene). b) Determined by 'H

NMR analysis using an internal standard (CL,CHCHCI,).
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BHELTHWZEZA, 7ba—)L 35h 1 10351 23R 88%33 L TN 70% T
bivTz.
W, BT VT & R 36 OfIERI/KFEV G % FE0E L 7= (Scheme 1-4). 7R

TV 44 TN XTIV T B FE6a)DKFE UG Z 25 °C TRREEL, ~> 2T

a—3la)E EENICE 270, XUBVER T 536D, ¢, d, )5 &
CF; CF,4
D0 5
FaC 8 CFs Eto)i\/li‘kost
Q !
0 FsC CF4
L 44 (5 mol%) 2a (1.5 equiv) .
Ar” TH : - > Ar” TOH
36 1.4-Dioxane, 25 °C,12h 37
©/\OH /@/\OH /@/\OH MeoD/\OH < :©/\OH
Me MeO
37a: 100% 37b: 92% 37¢: 96% 37d: 84% 37e: 94%
/@/\OH /@/\OH /©/\OH O/\OH /@/\OH
F4C NC Oz:N F Cl
37f: 100% 37g: 100% 37h: 100% 37i: 100% 37j: 95%
/©/\OH OH v@(‘m
Br X
37k: 100% 371: 100% 37m 100% 37n:100% 370: 100%
OH
O H oH ©
sadiictAlier A
e
p: 100% 37q: 100% 37r: 100% 37s: 100% 37t: 100%
s N on (N on @f\§_\
@/\OH N__= =N u OH
37u: 100% 37v: 0% 37w: 0% 37x: 91%°
28% (100 C) 33% (100 'C)

Scheme 1-4. Scope of aromatic aldehydes. a) The yields were determined by GC
analysis using an internal standard (biphenyl or mesitylene). b) Determined by 'H

NMR analysis using an internal standard (Cl,CHCHCl,).
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WETRGIMEGB6f, g, hEHIEEZHTHX AT VT v ROKFGI ST
L, ¥ B0 P72 —1(37b-h) )8 92-100%DIR TH =, ~a X
VIR R ETLRU AT VT B ROKFALIE BRI HET L72(37i-1). AKX
FEISFRIFIZBNTIE, 7 Ry, =270, BXOKREA V7 4 OEICIE
B2 HT, 7T ROKFLOHLPERICHEST LTZ (36m-0). 4-7 = =)L
R XTIVT e R@36p), 2-F7F AT T K@B6q), 1-T7F L7 /LTk R
(36r), BIWA/L N MU AT AT E RB6s)DKFZALKIG S F 7 E &I ETT
L7237p-s). 2-FT A7 = WNART AT B RB6t)EB L7 I/L 7 T —/1(36u)D7K
FAIETIET NV a— A 3Tt BL 3T 2 EEMICE X272, 4-¥) PR
TILTE RGWVB L 2-B' Y P B ILRTIILT v FGRIw)DAKZELE G % 25
°C TEMLEDR, BlETAT7 L a—dEoniirol-. 2T, RIS
JEZ 100 ‘CIZ LG E FEfE LIz & 2 A, RIGHEITL, 4B 2% ) —)u
BB LO2-B U Vv A% ) —L3Tw) % T IR 28%3 L OV 33% CTH7-.
4B ANERT AT E RBVBLIR2-B'U P WNART LT e RBTw)D
RFACEISIZRBNTIE, BV P UBROERIF T OR U HE~OENL A RS S O
EITZ T TS EHERILTWD. A > R—b2- VAR T VT B F36x)D7K
FAULBORIE 25 °C TH#EAITL, A2 R—L2-2 % ) —)L(3Tx)ZINHE 91% TH %
7-.

WIZ, RT o 44 ZfE L LT, Hantzsch = A7 /L 2a /KB MG,
T b7z (32a)DKFALSUG & A 72 (Table 1-2). 5 mol% DR T 2 44 53
L V1.5 %50 Hantzsch = A7 /L 2a DIFET, 7 N7 =/ (32a)DKFE
Fs % il C 12 BEfi T > 7= (Entry 1). L2»L, BHO 1-7 ==& /) —)L

Bla) G onienors. ISIEEZ 60°CICLizE A, HIDOKFLIE

25



Table 1-2. Hydrogenation of acetophenone (32a).

Q i
CFs Eto)l:(r‘\o t
FaC” t ~C

H
(0] OH
44 (X mol% 2a (1.5 equiv)
1,4-Dioxane,Temp ('C), 12 h -
32a 33a
Enty X (mol%) Temp('C) GC Yield (%)
1 5 25 0
2 5 60 48
3 5 100 47
4 10 60 42

DHEITL, 1-7 ==L X ) —/(33a) & L3 48% CI37=(Entry 2). S 512, X
JRIREE A 100 °C £ T R SWAKFLEAT o720y, EREEY) 33a OIGERIL
#= L2 o 2 (Entry 3). & 2 C, fillfE&E% 10 mol%~ & H<° L 60 °C 12Tt
RTINS, 33a DL _E L7 > 7= (Entry 4).

I, W2 EEMEHOYEREZ BIE L, = AT VB IOT I ROKFEL

St % S hE L 72 (Scheme 1-5). Smol% DR 7 - 44 35 KON 1.5 ¥4 & D Hantzsch

1 c” t ~B CF i
3
OMe Etowoa
”
FsC

48

0
dL NMe,
49

Scheme 1-5. Hydrogenation of methyl benzoate (48) and N,N-dimethylbenzamide

44 (5 mol%) 2a (1.5 equiv)
1,4-Dioxane, 100 'C, 12 h

> No reaction

(49).
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TAT IV 2a DFIET, BEEHBA T NVAYB LN NN-VAF LR XTI R
(49)DKFEALEIERZ 100 "C T 12 KEfflfTo7. L L7ed s, HROKEIK
JSEBUSIREE 100 °C & W09 FJFETIZE N TH &S ET LR Tz,

WIZ, «, B -REF0 VR = AL S DK FEAL G % 58 # 7= (Schemes 1-6 and
1-7). 5mol%D 7R T > 44 35 L O8N 1.5 248D Hantzsch = AT )L 2a DIFETF, &
YFINANT AT E RGBO)DKFEICKE % iR T 12 K1 T - 72 (Scheme 1-6). 1,4-
IKEAC DR AT HEIT L, 3-7 = = /b-1-7 1 X F— L 34D IR 45% T H L
Te. FTo, BOSRPTAR LT 34f OKRFOS HETL, 3-7 = =)L-1-7'1
X =V ENZER 46%TH 272, 2.5 mol% DA77 44 BL 1.0 HED
Hantzsch = A7 /L 2a DIFE FRIEICT 1 B GZ2 425 2 & THRIAYIZ

1, 4-KFBALDHEIT L, 34f VIR 95% T H L7~

Q ,@ 0
CF3 Etowo
N

H
CF4 o
44 (5 mok%) 2a (1.5 equiv)
= -
F’h/\)\H 1,4-Dioxane, 25 ‘C Ph/\/LkH * PhT~""0OH
50 341 51
Conditions 34f 51

44 (5 mol%), 2a (1.5 equiv), 12h  57% 29%
44 (2.5 mol%), 2a (1.0 equiv), 1 h 95% 0%

Scheme 1-6. Hydrogenation of cinnamyl aldehyde (50). a) The yields were

determined by GC analysis using an internal standard (biphenyl).

WIZ, 47 2 =)V-3-T 7 2-F 2 (52)8B X OV A Bl A F /L (54) Dk FEAL X

Ji & i 72 (Scheme 1-7). 4-7 = =)L-3-7 7 L 2-4 2 (52) DK FAL I B
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THLY T IAT AT B RGBODEGE & RIERIC 1,4-KFACS S E RIS T
L, 7 b 83 DEBIIELNT. 7 A KEEAT V(54 % KHHE & L TH
WA B FERIC 1 4-KBALREREIT L2, L L, EORIGHITELS, K

JTRE 100 "CIC TR S V72568 TH B 55 13 40% LS b e o 7=,

L ¢ g
o) FsC B CFs o Y o o
52 FsC CF; 53: 25 °C, 12 h, 100 %
or 44 (5 mol%) 2a (1.5 equiv)
- or
O 1,4-Dioxane 0
Ph/\/LOMe Ph/\/kOMe
54 55: 100 'C, 12 h, 40%

Scheme 1-7. Hydrogenation of a,B-unsaturated carbonyl compounds 52 and 54.
a) The yields were determined by 'H NMR analysis using an internal standard

(CLCHCHCL,).

WA, ARKRFBICSTESE TIZTHR T = (56)B LT T =7 — (58)D/KFHE
(LBt 24T - 72 (Scheme 1-8). 5 mol% D 7R 7 443 X (MHantzsch™ A 7 /L-2a
TFAE FEIRIC TR T = (B6)DKRFLIGEZEIT -T2 & 25, BLAERY 572"
BLOSH ' NZENZEN 43%B LN 40%THEONZ. £72, 77 =7 —/1(58)
WS E b RRRUCEIT L, BLAER 57a BLO 57T z2h€h
51%3 LN 48% TH7-. RIS TIX, BT M4 B3R T — /N 5B6)E 11377 =7
—IL(58)D 1,4-KFACEIER L O FN B VR = -2 OGS D oD RIG %

it L T\ 5 EF X H4L5 (Scheme 1-9).
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X Jﬁl Q i
FiC CFs eaowoa

N

c:=3

| (o]
H
F;,C
56 44 (5 mol% 2a (1.5 equiv)
or - + .
o) 1,4-Dioxane, 25 'C, 12 h OH ‘OH
= H
57a 57b
| from 56 43% 40%
from58 51% 48%
58

Scheme 1-8. Hydrogenation of neral (56) and geranial (58). a) The yields were

determined by 'H NMR analysis using an internal standard (Cl,CHCHCl,).

Cat. 44 Carbonyl-ene
Hantzsch ester 2a reaction
- ~ ~[Bl]
(@] | 0 OH

X

NS

[B] =44

Scheme 1-9. Proposed mechanism.
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EB1EOELD

ARETIX, AUBMEIC X5 NADH Fifikz Hu 72 vk = AbE ) oK
TS ORI 2R AT, EOREER, MU X[35-EA(RNY 7F 8 AFN)7
= = /L] 7 (44)73 Hantzsch = A 7 /L 2a Z/KFEHEAR L L7=7T /LT B RDK
FACSE 2 DRI U, s 7 v a— a2 BIFRINRTHEZ 52 L %
R U, AKFELBIE S AT D3k % 2GR T V7 & R4 100 °C TKE
tL, ST 57NV a— i RBIGRIGETEZ 2. FHET VT b RIXERIC
TAKRFLS A, ST DTN a— A BEIERTH L. £z, TREDIER
TEHDLHDD, KISV AT KT b OKRFEBFRETHD. o, B-Fi
il VAR = LB OKRFALSIE TIE, LA-KFEDBIRICET L. o,
B-REAFIH VR = ALEE L TR T = (B56)E 72135 T =7 — /L (58) %
WS E, LA KFLBOGIZHES 53 TN I VR = b-o U ROEAHEIT L, BRIbAE

TS
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RERIH

General

Commercially available chemicals were purchased from Aldrich, TCI, Kanto, Wako,
and Nakalai and used without further purification unless otherwise noted.
Aldehydes (34a, 34d, 34e, 34h, 36a, 36b, 36¢, 36d, 36g, 36s, 36t, 36u, 36v, and 36w),
acetophenone (32a), methyl benzoate (48), N,N-dimethylbenzamide (49), and
cinnamyl aldehyde (50) were purified by distillation prior to use. Toluene, THF, and
1,4-dioxane were dried by passage through a Grubbs’s type column system.'> DCE,
DMSO, and iPrOH were distilled over CaH; prior to use. DMF was distilled over
MgSO,4 prior to use. Tris[3,5-bis(trifluoromethyl)phenyl]borane (44),°
tris(pentafluorophenyl)borane,'* 4-ethenylbenzaldehyde (40m),'* 1-adamantanecarb-

aldehyde (38i),"” 1-benzyl-1,4-dihydronicotinamide (45),” 5,6-dihydrophenanthridi-

ne (46)," 9,10-dihydroacridine (31), 9,10-dihydro-10-methylacridine 47),° geranial
(58),'° were prepared according to the literature procedures. Neral (56) was
prepared according to the same mathod to geranial (58). NMR spectra were
recorded at 25 °C on a JEOL ECS-400 spectrometer (396 MHz for 'H, 100 MHz for
C, 373 MHz for "’F). Chemical shifts are reported in d ppm referenced to an
internal tetramethylsilane standard for "H NMR. Chemical shifts of ’C NMR are
given relative to the solvent peak as an internal. The "°F was reported relative to
external CF3;CO,H (-78.5 ppm). GC and GC-MS analyses were carried out on an

Agilent Technologies 6850 Series system and Agilent 4473N system, respectively.
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General procedure for the hydrogenation reaction of aldehydes

In a glovebox, aldehydes (0.25 mmol) and Hantzsch ester 2a (95 mg, 0.38 mmol)
were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) (8.1 mg,
12.5 wmol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture was stirred at
25 or 100 °C for 12 h. An internal standard (biphenyl or mesitylene) was added to
the reaction mixture and filtrated through a cotton plug. The resulting solution was
analyzed with gas chromatography. After removal of the solvent, analytically pure
alcohols were obtained after purification by silica gel column chromatography or

preparative TLC.

Cyclohexanemethanol (35a) (CAS: 100-49-2, 16.7 mg , 53% isolated yield)

'H NMR (396 MHz, CDCls) & 0.88-0.98 (m, 2H, CyH), 1.11-1.31 (m, 3H, CyH),
1.42-1.53 (m, 2H, CyH), 1.65-1.78 (m, 5H, CyH), 3.44 (d, J = 6.3 Hz, 2H). "“C
NMR (100 MHz, CDCl;) & 25.8 (AdC), 26.6 (AdC), 29.5 (AdC), 40.5 (AdC), 68.8

(AdCH,0H). MS (EI) m/z 114.1 (IM]).

Cyclopentanemethanol (35b) (CAS: 3637-61-4, 10.3 mg, 39% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.20-1.28 (m, 2H, -CH,-), 1.65 (bs, 1H, -OH),
1.53-1.62 (m, 4H, -CH,CH>-), 1.71-1.79 (m, 2H, -CH5>-), 2.10 (quin, J = 7.9 Hz, 1H,
-CHOH), 3.51 (d, J = 6.7 Hz, 2H, -CH,OH). "*C NMR (100 MHz, CDCl;) & 25.4

(CH,), 29.0 (CH,), 42.1 (CHy), 67.4 (CH,).  MS (EI) m/z 82.0 ([M-OH]").
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1-Dodecanol (35¢) (CAS: 112-53-8, 23 mg, 49% isolated yield)

'H NMR (396 MHz, CDCl3) § 0.88 (t, J = 4.4 Hz, 3H, CH3-), 1.26 (bs, 18H), 1.39 (bs,
1H, -OH), 1.56 (tt, J = 6.5 and 6.5 Hz, 2H, -CH,CH,CH,0H), 3.64 (t, J = 6.5 Hz, 2H,
-CH,0H). "*C NMR (100 MHz, CDCl3) § 14.1 (CH,), 22.7 (CHy), 25.7 (CH>), 29.3
(CH,), 29.4 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 31.9 (CH,), 32.8

(CH,), 63.1 (-CH,OH). MS (EI) m/z 158.1 ([M]").

1-Decanol (35d) (CAS: 112-30-1, 23.3 mg, 59% isolated yield)

'H NMR (396 MHz, CDCl;) & 0.88 (t, J = 6.7 Hz, 3H, CH3-), 1.19-1.40 (m, 15H, ),
1.57 (tt, J = 6.7 and 6.7 Hz, 2H, -CH,CH,OH), 3.64 (t, J = 6.7 Hz, 2H, -CH,0H).
C NMR (100 MHz, CDCls) & 14.1 (CH,), 22.7 (CH,), 25.7 (CH,), 29.3 (CH,), 29.4
(CH,), 29.5 (CH,), 29.6 (CH,), 31.9 (CH,), 32.8 (CH,), 63.1 (-CH,OH). MS (EI)

m/z 140.2 ([M-OH]").

1-Octanol (35e) (CAS: 111-87-5, 13.7 mg, 42% isolated yield)

'H NMR (396 MHz, CDCl3) & 0.88 (t, J = 7.1 Hz, 3H, CH;-), 1.28 (bs, 10 H,
-(CH,)s-), 1.42 (bs, 1H, -OH), 1.56 (tt, J= 6.9 and 6.9 Hz, 2H, -CH,CH,0H), 3.64 (t,
J=6.9 Hz, 2H, -CH,0H). '*C NMR (100 MHz, CDCl;)  14.1 (CH,), 22.7 (CH,),
25.8 (CH,), 29.3 (CH,), 29.4 (CH,), 31.8 (CH,), 32.8 (CH,), 63.1 (-CH,OH). MS

(EI) m/z 112.2 ((IM-OH]").

Benzenepropanol (35f) (CAS: 112-97-4, 15.8 mg, 44% isolated yield)

'"H NMR (396 MHz, CDCls) § 1.52 (bs, 1H, -OH), 1.89 (m, 2H, -CH,-), 2.70 (t, J =
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7.9 Hz, 2H, ArCH>-), 3.67 (t, J = 6.3 Hz, 2H, -CH,OH), 7.17-7.21 (m, 3H, ArH),
7.24-7.30 (m, 2H, ArH). "“C NMR (100 MHz, CDCl3) § 32.0 (CH,), 34.2 (CH,),
62.2 (CH,), 125.8 (ArC), 128.4 (ArC), 128.4 (ArC), 141.8 (ArC). MS (EI) m/z

136.1 (IM])).

10-Undecen-1-o0l (35g) (CAS: 13019-22-2, 24.6 mg, 58% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.31 (bs, 14H), 1.44 (tt, J = 6.9 and 6.9 Hz, 2H,
-CH,CH,0H), 2.06 (dt, J= 7.1 and 7.1 Hz, 2H, CH,=CH,CH>-), 3.66 (t, J = 6.9 Hz,
2H, -CH,0OH), 4.95 (dt, J = 10.1 and 1.6 Hz, 1H, -CH=CHH), 5.02 (dt, J=17.2 and
1.6 Hz, 1H, -CH,=CHH), 5.83 (ddt, J=17.2, 10.1, and 7.1 Hz, 1H, -CH=CH,). "“C
NMR (100 MHz, CDCls) & 25.7 (CHy), 28.9 (CHy), 29.1 (CHy), 29.4 (CH,), 29.5
(CH»), 32.7 (CH,), 33.8 (CHy), 63.0 (-CH,OH), 114.1 (-CH=CH,), 139.2 (-CH=CH,)
(One of the CH; signal of alkyl chain might be overlapped with the other peaks of

carbon.). MS (EI) m/z 152.2 ((IM-OH]").

3,3-Dimethyl-1-butanol (35h) (CAS: 624-95-3, 5.6 mg, 16% isolated yield)

'H NMR (396 MHz, CDCls) 8 0.93 (s, 9H, -C(CH5)3), 1.17 (bs, 1H, -OH), 1.52 (t, J =
7.7 Hz, 2H, -CCH>C(CHs)s), 3.71 (t, J = 7.7 Hz, 2H, -CH,0H). "*C NMR (100
MHz, CDCl;) & 29.7 (-C(CHs);), 29.7 (-C(CHs)s), 65.5 (-CH,C(CHs)3), 60.2

(-CH,OH). MS (EI) m/z 87.0 ((M-CH3]").

1-Adamantanemethanol (35i) (CAS: 770-71-8, 21.8 mg, 52% isolated yield)

'"H NMR (396 MHz, CDCl3) & 1.32 (bs, 1H, -OH), 1.51 (m, 6H, AdH), 1.64 (m, 1H,
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AdH), 1.67 (m, 2H, AdH), 1.72 (m, 2H, AdH), 1.75 (m, 1H, AdH), 2.00 (m, 3H,
AdH), 3.20 (s, 2H, AdCH,OH). “C NMR (100 MHz, CDCls) & 28.1 (AdC), 34.5
(AdC), 37.1 (AdC), 39.0 (AdC), 73.8 (AdCH,0H). MS (EI) m/z 166.1 (IM])).
Benzenemethanol (37a) (CAS: 100-51-6, 13 mg, 48% isolated yield)

'H NMR (396 MHz, CDCl3) § 1.86 (bs, 1H, -OH), 658 (s, 2H, ArCH,0H), 7.28-7.36
(m, 5H, ArH). "C NMR (100 MHz, CDCls) § 65.3 (ArCH,0H), 127.0 (ArC), 127.6

(ArC), 128.5 (ArC), 140.8 (ArC). MS (EI) m/z 108.1 (IM]).

4-Methoxybenzenemethanol (37b) (CAS: 105-13-5, 20 mg, 56% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.79 (bs, 1H, -OH), 3.80 (s, 3H, ArCH5), 650 (s, 2H,
ArCH,0H), 6.89 (d, J = 8.3 Hz, ArH), 7.28 (d, J = 8.3 Hz, ArH). "*C NMR (100
MHz, CDCls) 6 55.3 (ArOCH3), 65.0 (ArCH,OH), 113.9 (ArC), 128.6 (ArC), 133.1

(ArC), 144.1 (ArC). MS (EI) m/z 138.0 (IM]).

4-Methylbenzenemethanol (37¢) (CAS: 589-18-4, 26.7 mg, 87% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.61 (bs, 1H, -OH), 2.35 (s, 3H, ArCH5), 657 (s, 2H,
ArCH,0H), 7.17 (d, J = 7.5 Hz, ArH), 7.26 (d, J = 7.5 Hz, AtH). "*C NMR (100
MHz, CDCls) & 21.1 (ArCH3), 65.1 (ArCH,OH), 127.0 (ArC), 129.2 (ArC), 137.3

(ArC), 137.8 (ArC). MS (EI) m/z 122.1 (IM]").

4-Trifluoromethylbenzenemethanol (37d) (CAS: 349-95-1, 37 mg, 84% isolated
yield)

'"H NMR (396 MHz, CDCls) & 1.81 (bs, 1H, -OH), 4.78 (s, 2H, -CH,OH), 7.49 (d, 2H,
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J =179 Hz, AtH), 7.62 (d, 2H, J = 7.9 Hz, ArH). "*C NMR (100 MHz, CDCl3) &
64.4 (-COH), 124.1 (q, Jcr = 271.8 Hz, -CF5), 125.4 (q, Jcr = 3.8 Hz, ArC), 126.8
(ArC), 129.7 (q, Jcr = 32.5 Hz, ArC), 144.7 (ArC). "F NMR (372 MHz, CDCls): &

-64.2. MS (EI) m/z 176.1 (IM]").

4-Hydroxymethylbenzonitrile (37e) (CAS: 874-89-5, 31 mg, 93% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.9 (bs, 1H, -OH), 4.79 (d, J = 5.1 Hz, 2H, ArCH,OH),
7.48 (d, J= 6.9 Hz, 2H, ArH), 7.66 (d, J = 6.9 Hz, 2H, ArH). "*C NMR (100 MHz,
CDCls) 6 64.0 (ArC attached to OH), 110.9 (ArC), 118.8 (ArC), 126.9 (ArC), 132.2

(ArC), 165.3 (ArC). MS (EI) m/z 153.1 ((IM-H]").

4-Nitrobenzenemethanol (37f) (CAS: 619-73-8, 35 mg, 91% isolated yield)

'H NMR (396 MHz, CDCl3) 6 1.91 (t, J = 44 Hz, 1H, -OH), 4.85 (d, J = 5.5 Hz, 2H,
ArCH,0H), 7.54 (d, J= 8.5 Hz, 2H, ArH), 8.23 (d, J= 8.5 Hz, 2H, ArH). "“C NMR
(100 MHz, CDCls) & 63.9 (ArC attached to OH), 123.7 (ArC), 126.9 (ArC), 147.1

(ArC), 148.2 (ArC). MS (EI) m/z 153.1 (IM]").

4-Fluorobenzenemethanol (37g) (CAS: 444-56-3, 16.3 mg, 52% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.75 (bs, 1H, -OH), 656 (s, 2H, -CH,OH), 7.05 (dd,
2H, J = 8.5 and 8.5 Hz, ArH), 7.33 (dd, 2H, J = 8.5 and 5.5 Hz, ArH). "“C NMR
(100 MHz, CDCl3) & 665 (-COH), 115.4 (d, Jcg = 21.9 Hz, ArC), 128.7 (d, Jog = 7.7
Hz, ArC), 136.5 (d, Jor = 2.9 Hz, ArC), 162.3 (d, J cr= 245.2 Hz, ArC). ""F NMR

(372 MHz, CDCL3): 6 -116.6. MS (EI) m/z 126.1 (M]").
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4-Chlorobenzenemethanol (37h) (CAS: 873-76-7, 32.7 mg, 92% isolated yield)
'H NMR (396 MHz, CDCl;) & 1.68 (bs, 1H, -OH), 658 (d, J = 4.4 Hz, 2H, -CH,OH),
7.29-7.35 (m, 4H, ArH). C NMR (100 MHz, CDCls) & 665 (-COH), 128.3 (ArC),

128.7 (ArC), 133.3 (ArC), 139.2 (ArC). MS (EI) m/z 142.1 (IM]"), 144.1 ((M+2]").

4-Bromobenzenemethanol (37i) (CAS: 873-75-6, 35.5 mg, 76% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.77 (bs, 1H, -OH), 655 (s, 2H, -CH,OH), 7.24 (d, J =
8.3 Hz, 2H, ArH), 7.49 (d, J = 8.3 Hz, 2H, ArH). "*C NMR (100 MHz, CDCl3) &
64.5 (-COH), 121.4 (ArC), 128.6 (ArC), 131.6 (ArC), 139.7 (ArC). MS (EI) m/z

186.0 ([M-11"), 187.9 (IM+17)).

4-lodobenzenemethanol (37j) (CAS: 18282-51-4, 50.7 mg, 86% isolated yield)

'H NMR (396 MHz, CDCls) & 1.62 (bs, 1H, -OH), 656 (s, 2H, -CH,OH), 7.12 (d, J =
8.5 Hz, 2H, ArH), 7.69 (d, J = 8.5 Hz, 2H, ArH). "*C NMR (100 MHz, CDCl3) &
64.5 (-COH), 93.0 (ArC), 128.8 (ArC), 137.6 (ArC), 140.4 (ArC). MS (EI) m/z

234.0 (IM])).

1-[4-(Hydroxymethyl)phenyl]ethanone (37k) (CAS: 75633-63-5, 26.3 mg, 68%
isolated yield)

'H NMR (396 MHz, CDCl3) & 1.95 (bs, 1H, -OH), 2.61 (s, 3H, -C(O)CH3), 4.78 (s,
2H, ArCH,0H), 7.65 (d, J= 8.7 Hz, 2H, ArH), 7.95 (d, J= 8.7 Hz, ArH). "C NMR
(100 MHz, CDCls) 6 26.6 (ArCH,OH), 64.4 (-C(O)CH3), 126.5 (ArC), 128.5 (ArC),

136.1 (ArC), 165.3 (ArC), 198.1 (-C(O)CH3). MS (EI) m/z 150.1 (IM]").
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4-Hydroxymethylbenzoic acid methyl ester (371) (CAS: 6908-41-4, 30.6 mg, 74%
isolated yield)

'H NMR (396 MHz, CDCls) § 2.32 (bs, 1H, -OH), 3.91 (s, 2H, -CH,0H), 7.41 (d, J =
8.1 Hz, 2H, ArH), 8.00 (d, J = 8.1 Hz, 2H, ArH). "*C NMR (100 MHz, CDCl3) &
52.1 (-C(O)OCHs3), 64.4 (-COH), 126.3 (ArC), 129.0 (ArC), 129.7 (ArC), 165.1

(ArC), 167.0 (-C(O)OCH;). MS (EI) m/z 166.1 (IM]").

4-Ethynylbenzenemethanol (37m) (CAS: 107651-9, 22 mg, 66% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.73 (t, 1H, J = 5.0 Hz, -OH), 658 (d, J = 5.0 Hz, 2H,
-CH,OH), 5.25 (d, J = 10.9 Hz, -CH=CHH), 5.75 (d, J = 17.6 Hz, -CH=CHH), 6.72
(dd, J=17.6 and 10.9 Hz, 1H, -CH=CHH), 7.32 (d, /=79 Hz, ArH), 7.41 (d,J=7.9
Hz, ArH). “C NMR (100 MHz, CDCl;) & 64.8 (-COH), 113.8 (ArC), 126.3
(-CH=CHH), 127.1 (-CH=CHH), 136.4 (ArC), 136.8 (ArC), 140.3 (ArC). MS (EI)

m/z 134.1 (IM]").

1,1’-Biphenyl-4-methanol (37n) (CAS: 3447-91-9, 20.9 mg, 43% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.87 (bs, 1H, -OH), 4.72 (s, 2H, -CH,0H), 7.34 (dd,
1H, J = 7.5 and 7.5 Hz), 7.34 (m, 4H), 7.58 (m, 4H). *C NMR (100 MHz, CDCl;)
865.0 (-COH), 127.0 (ArC), 127.3 (ArC), 127.4 (ArC), 128.8 (ArC), 139.8 (ArC),
140.6 (ArC), 140.8 (ArC) (One of the ArC signal of biphenyl group might be

overlapped with the other peaks of carbon.). MS (EI) m/z 184.1 ([M]").
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3.,4-Dimethoxybenzenemethanol (370) (CAS: 93-03-8, 35.8 mg, 84% isolated yield)

'H NMR (396 MHz, CDCls) & 1.63 (bs, 1H, -OH), 3.89 (s, 3H, -OCH5), 3.90 (s, 3H,
-OCHs), 653 (s, 2H, -CH,0OH), 6.85 (d, J = 8.3 Hz, 1H, ArH), 6.90 (dd, J = 8.3 and
2.0 Hz, 1H, ArH), 6.94 (d, J = 2.0 Hz, 1H, ArH). "C NMR (100 MHz, CDCls) &
55.7 (-OCHs), 55.8 (-OCH3;), 65.1 (-COH), 110.3 (ArC), 110.9 (ArC), 119.3 (ArC),

133.5 (ArC), 148.9 (ArC). MS (EI) m/z 168.1 ((M]").

1,3-Benzodioxole-5-methanol (37p) (CAS: 495-76-1, 36.3 mg, 94% isolated yield)

'H NMR (396 MHz, CDCls) & 2.02 (bs, 1H, -OH), 4.55 (s, 2H, -CH,OH), 4.44 (s, 2H,
-OCH,0-), 6.77 (d, J = 8.1 Hz, 2H, ArH), 6.80 (d, J = 8.1 Hz, 2H, ArH), 6.85 (s, 1H,
ArH). “C NMR (100 MHz, CDCl3) § 65.1 (-COH), 101.0 (-OCH,0-), 107.8 (ArC),
108.1 (ArC), 120.4 (ArC), 134.8 (ArC), 147.0 (ArC), 147.7 (ArC). MS (EI) m/z

152.1 (IM])).

2-Naphthalenemethanol (37q) (CAS: 1442-38-7, 36.1 mg, 91% isolated yield)

'H NMR (396 MHz, CDCl3)  1.80 (t, J = 5.0 Hz, 1H, -OH), 4.86 (d, J= 5.0 Hz, 2H,
-CH,0H), 7.47-7.50 (m, 3H, ArH), 7.82-7.86 (m, 4H, ArH). "“C NMR (100 MHz,
CDCl3) 6 65.3 (-COH), 125.1 (ArC), 125.4 (ArC), 125.8 (ArC), 126.1 (ArC), 127.7
(ArC), 127.8 (ArC), 128.3 (ArC), 132.8 (ArC), 133.3 (ArC), 138.2 (ArC). MS (EI)

m/z 158.1 (IM]").

1-Naphthalenemethanol (37r) (CAS: 4780-79-4, 32.4 mg, 80% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.77 (t, J = 5.0 Hz, 1H, -OH), 5.16 (d, J = 5.0 Hz, 2H,
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-CH,0H), 7.82 (d, J=7.9 Hz, 1H, ArH), 7.43-7.58 (m, 3H, ArH), 7.88 (d, J= 8.7 Hz,
1H, ArH), 8.13 (d, J = 8.7 Hz, 1H, ArH). '*C NMR (100 MHz, CDCl;) & 63.5
(-COH), 123.6 (ArC), 125.3 (ArC), 125.3 (ArC), 125.8 (ArC), 126.3 (ArC), 128.5

(ArC), 128.6 (ArC), 131.1 (ArC), 133.7 (ArC), 136.2 (ArC). MS (EI) m/z 158.1

(M1).

2-Methylbenzenemethanol (37s) (CAS: 89-95-2, 22.6 mg, 74% isolated yield)

'H NMR (396 MHz, CDCls) & 1.52 (bs, 1H, -OH), 2.37 (s, 3H, ArCH5), 4.71 (s, 2H,
ArCH,0H), 7.17-7.23 (m, 3H, ArH), 7.345-7.37 (m, 1H, ArH). "“C NMR (100
MHz, CDCl;) 6 18.7 (ArCHs), 63.5 (ArCH,OH), 126.0 (ArC), 127.5 (ArC), 127.8

(ArC), 130.3 (ArC), 136.1 (ArC), 138.6 (ArC). MS (EI) m/z 122.1 (IM]).

2-Furanmethanol (37t) (CAS: 98-00-0, 13.8 mg, 54% isolated yield)

'H NMR (396 MHz, CDCls) & 1.91 (bs, 1H, -OH), 651 (s, 2H, -CH,OH), 6.30 (d, J =
3.2 Hz, 1H, ArH), 6.36 (dd, J = 3.2 and 1.6 Hz, 1H, ArH), 7.40 (m, 1H, ArH). "“C
NMR (100 MHz, CDCl;) & 57.4 (-ArCOH), 107.8 (ArC), 110.3 (ArC), 142.6 (ArC),

153.9 (ArC). MS (EI) m/z 98.1 (IM]").

2-Thiophenemethanol (37u) (CAS: 66-72-6, 25.6 mg, 88% isolated yield)

'H NMR (396 MHz, CDCls) & 2.06 (bs, 1H, -OH), 4.81 (s, 2H, -CH,OH), 6.98 (dd, J
= 5.0 and 3.2 Hz, 1H, ArH), 7.01 (m, 1H, ArH), 7.28 (dd, J = 5.0 and 1.6 Hz, 1H,
ArH). “C NMR (100 MHz, CDCls) & 44.9 (-ArCOH), 125.5 (ArC), 125.6 (ArC),

126.8 (ArC), 143.9 (ArC). MS (EI) m/z 114.1 (IM]").
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4-Pyridinemethanol (37v) (CAS: 586-95-8, 3.2 mg, 12% isolated yield)
'H NMR (396 MHz, CDCl3) & 3.47 (bs, 1H, -OH), 4.75 (s, 2H, -CH,0H), 7.32 (d, J =
5.5 Hz, 2H, ArH), 8.53 (m, 2H, ArH). "*C NMR (100 MHz, CDCl;) & 63.1 (-COH),

121.2 (ArC), 149.4 (ArC), 150.7 (ArC). MS (EI) m/z 109.1 (IM]").

2-Pyridinemethanol (37w) (CAS: 586-98-1, 4.4 mg, 16% isolated yield)

'H NMR (396 MHz, CDCls) & 3.67 (bs, 1H, -OH), 4.77 (s, 2H, -CH,OH), 7.21 (dd, J
= 6.3 and 6.3 Hz, 1H, ArH), 7.26 (d, J = 6.3 Hz, 1H, ArH), 7.69 (ddd, J = 7.5, 7.5,
and 2.0 Hz, 1H, ArH), 8.57 (m, 1H, ArH). C NMR (100 MHz, CDCl;) & 64.1
(-COH), 120.5 (ArC), 122.4 (ArC), 136.7 (ArC), 148.5 (ArC), 144.0 (ArC). MS (EI)

m/z 108.1 ([M-H]").

1 H-Indole-2-methanol (37x) (CAS: 26521-70-3, 17 mg, 46% isolated yield)

'H NMR (396 MHz, CDCls) & 1.75 (bs, 1H, -OH), 4.82 (s, 2H, -CH,OH), 6.41 (dd, J
= 2.4 and 0.79 Hz, -C=CH-), 7.10 (ddd, J = 7.9, 7.1, and 0.79 Hz, 1H, ArH), 7.19
(ddd, J=8.3,7.1,and 1.2 Hz, 1H, ArH), 7.35 (dd, /= 8.3 and 1.2 Hz, 1H, ArH), 7.58
(dd, J = 7.9 and 0.79 Hz, 1H, ArH), 8.35 (bs, 1H, -NH). "“C NMR (100 MHz,
CDCl3) & 58.5 (-COH), 100.5 (-C=C-), 111.0 (-C=C-), 119.9 (ArC), 120.6 (ArC),

122.1 (ArC), 127.9 (ArC), 136.3 (ArC), 137.4 (ArC). MS (EI) m/z 147.1 (IM])).

Procedure for the hydrogenation of acetophenone
In a glovebox, acetophenone (0.25 mmol) and Hantzsch ester 2a (95 mg, 0.38 mmol)

were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) (8.1 mg,
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12.5 wmol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture was stirred at
60 °C for 12 h. An internal standard (mesitylene) was added to the reaction mixture
and filtrated through a cotton plug. The resulting solution was analyzed with gas
chromatography. After removal of the solvent, the crude material was purified with

silica gel column chromatography to give 1-phenylethanol (33a).

1-Phenylethanol (33a) (CAS: 98-85-1, 11.7 mg, 37% isolated yield)

'H NMR (396 MHz, CDCl3) & 1.50 (d, J = 6.3 Hz, 3H, -CH5), 1.86 (bs, 1H, -OH),
4.90 (q, J = 6.3 Hz, 1H, -CH(CH3)), 7.25-7.30 (m, 1H, ArH), 7.33-7.39 (m, 4H, ArH).
BC NMR (100 MHz, CDCls): & 25.1 (-CH3), 70.4 (-CH(OH)), 125.4 (ArC), 127.5

(ArC), 128.5 (ArC), 145.8 (ArC). MS (EI) m/z 122.1 (IM]).

Procedure for the hydrogenation of cinnamyl aldehyde

In a glovebox, cinnamyl aldehyde (50) (0.25 mmol) and Hantzsch ester 2a (63 mg,
0.25 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44)
(4.1 mg, 6.2 umol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture was
stirred at 25 °C for 1 h. An internal standard (biphenyl) was added to the reaction
mixture and filtrated through a cotton plug. The resulting solution was analyzed
with gas chromatography. After removal of the solvent, the crude material was

purified with silica gel column chromatography to give 3-phenyl-1-propanal (51).

3-Phenyl-1-propanal (51) (CAS: 104-53-0, 17.8 mg, 53% isolated yield)

'"H NMR (396 MHz, CDCL3) § 2.79 (td, J= 7.9 and 1.4 Hz, 2H, -CH,CHO), 2.97 (t, J
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= 7.5 Hz, 2H, PhCH,-), 7.19-77.23 (m, 3H, ArH), 7.28-7.32 (m, 2H, ArH), 9.83 (t, J
= 14 Hz, 1H, -CHO). "C NMR (100 MHz, CDCl;) & 28.09 (PhCH,-), 45.3
(-CH,CHO), 126.3 (ArC), 128.3 (ArC), 128.6 (ArC), 140.3 (ArC), 201.6 (-CHO).

MS (EI) m/z 134.1 (IM]).

Procedure for the hydrogenation of 4-phenyl-3-buten-2-one (52)

In a glovebox, 4-phenyl-3-buten-2-one (52) (0.25 mmol) and Hantzsch ester 2a (95
mg, 0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane
(44) (8.1 mg, 12.5 umol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture
was stirred at 25 °C for 12 h. After removal of the solvent, a CDCl; solution of
1,1,2,2-tetrachloroethane (an internal standard) was added to the product. The
resulting CDCl; solution was analyzed by 'H NMR to determine the yield.
4-Phenyl-2-butanone (53) were obtained by purification with silica gel column

chromatography.

4-Phenyl-2-butanone (53) (CAS: 2550-26-7, 34.6 mg, 94% isolated yield)

'H NMR (396 MHz, CDCls)  2.13 (s, 3H, -CH5), 2.76 (t, J = 7.5 Hz, 2H, -CH,-),
2.90 (t, J = 7.5 Hz, 2H, -CH>-), 7.17-7.21 (m, 3H, ArH), 7.27 (ddd, J = 7.5, 8.3, and
0.79 Hz, 2H, ArH). *C NMR (100 MHz, CDCl3) & 29.6 (-CH,-), 30.0 (-CH,-), 45.1
(-C(O)CHs3), 126.0 (ArC), 128.2 (ArC), 128.4 (ArC), 140.9 (ArC), 207.9 (-C(O)CHs-).

MS (EI) m/z 148.1 (IM]).

43



Procedure for the hydrogenation of methyl cinnamate (54)

In a glovebox, methyl cinnamate (54) (0.25 mmol) and Hantzsch ester 2a (95 mg,
0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44)
(8.1 mg, 12.5 umol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture was
stirred at 100 °C for 12 h. After removal of the solvent, a CDCIl; solution of
1,1,2,2-tetrachloroethane (an internal standard) was added to the product. The
resulting CDCl; solution was analyzed by 'H NMR to determine the yield. After
purification by silica gel column chromatography, an inseparable mixture of product

55 and substrate 54 was obtained ("H NMR; 54 : 55 =18 : 82).

Procedure for the hydrogenation of neral (56) and geranial (58)

In a glovebox, neral (56) or geranial (58) (0.25 mmol) and Hantzsch ester 2a (95 mg,
0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44)
(8.1 mg, 12.5 umol) in 1 mL of anhydrous 1,4-dioxane. The reaction mixture was
stirred at 25 °C for 12 h. After removal of the solvent, a CDCl; solution of
1,1,2,2-tetrachloroethane (an internal standard) was added to the product. The
resulting CDCl; solution was analyzed by 'H NMR to determine the yield.
Analytically pure products 57a and 57b were obtained after purification by silica gel

column chromatography.

Cyclyzed product 57a (CAS: 29141-10-4, 6.7 mg, 20% isolated yield)
'H NMR (396 MHz, CDCls) 0.89 (d, J = 6.7 Hz, 3H, -CHCH3-), 0.93-1.00 (m, 1H,

-CHH-), 1.10-1.16 (m, 1H, -CHH-), 1.41-1.48 (m, 2H, -CH,-), 1.66-1.77 (m, 2H,
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-CH>-), 1.79 (s, 3H, -C(CH3;)=CH,), 1.96-2.01 (m, 2H, -CH,-), 3.99 (m, 1H,
-CH(OH)), 4.79 (s, 1H, -CH=CHH), 4.95 (s, 1H, -CH=CHH). '>C NMR (100 MHz,
CDCl3) & 22.2 (-CH(CH3)-), 22.8 (-C(CH3)=CH,), 23.9 (-CH,-), 25.8 (-CH,-), 34.7
(-CH(CH3)-), 40.8 (-CH,-), 48.4 (-C(CH3)=CH,), 66.3 (-CH(OH)), 111.3 (-CH=CH,),

147.3 (-CH=CH,). MS (EI) m/z 154.2 (IM]").

Cyclyzed product 57b (CAS: 50373-36-9, 7.7 mg, 23% isolated yield)

'H NMR (396 MHz, CDCl3) 0.88-1.02 (m, 5H, -CHCHj- and -CH>-), 1.26-1.38 (m,
1H, -CHH-), 1.44-1.58 (m, 1H, -CHH-), 1.58-1.70 (m, 2H, -CH,-), 1.71 (s, 3H,
-C(CH3)=CH,), 1.87-1.92 (m, 2H, -CH>-), 2.02-2.07 (m, 1H, -CHH-), 3.47 (ddd, J =
20.0, 10.7, and 4.4 Hz, 1H, -CH(OH)-), 4.86 (s, 1H, -CH=CHH), 4.91 (s, 1H,
-CH=CHH). "“CNMR (100 MHz, CDCls) & 19.18 (-CHCHj3), 22.5 (-C(CH3)=CH)),
29.6 (-CHCH3), 31.4 (-CHa-), 34.3 (-CHy-), 42.6 (-CH,-), 54.1 (-C(CH3)=CH,), 70.3

(-CH(OH)), 112.9 (-CH=CH,), 146.6 (-CH=CH,). MS (EI) m/z 154.2 (IM]").

45



2 3R

(1) (a) Yamamoto, H. Lewis Acids in Organic Synthesis, Wiley-VCH, Weinheim,
2000; (b) Yamamoto, H.; Ishihara, K. Acid Catalysis in Modern Organic Synthesis,
Wiley-VCH, Weinhein, 2008.

(2) (a) Piers, W. E.; Chivers, T. Chem. Soc. Rev. 1997, 26, 345; (b) Ishihara, K.;
Yamamoto, H. Eur. J. Org. Chem. 1999, 527; (c) Erker, G. Dalton Trans. 2005, 1883.
(3) Ishihara, K.; Hanaki, N.; Yamamoto, H. Synlett 1993, 577.

(4) Ishihara, K.; Hanaki, N.; Funahashi, M.; Miyata, M.; Yamamoto, H. Bu/l. Chem.
Soc. Jpn. 1995, 68, 1721.

(5) (a) Adolfsson, H. Angew. Chem. Int. Ed. 2005, 44, 3340-3342; (b) Connon, S. J.
Org. Biomol. Chem. 2007, 5, 3407-3417; (c) You, S.-L. Chem. Asian. J. 2007, 2,
820-827; (d) Johannes, G. D. V.; Natasa, M. Catal. Sci. Technol. 2011, 1, 727-735; (e)
Rueping, M.; Dufour, J.; Schoepke, F. R. Green. Chem. 2011, 13, 1084-1105; (f)
Zheng, C.; You, S.-L. Chem. Soc. Rev. 2012, 41, 2498-2518.

(6) (a) Herrington, T. J.; Thom, A. J. W.; White, A. J. P.; Ashley, A. E. Dalton Trans.
2012, 41, 9019-9022; (b) Kolychev, E. L.; Bannenberg ,T.; Freytag, M.; Daniliuc, C.
G.; Jones, P. G.; Tamm, M. Chem. Eur. J. 2012, 18, 16938-16965.

(7) Paul, C. E.; Gargiulo, S.; Opperman, D. J.; Lavandera, 1.; Gotor-Fernandez, V.;
Gotor, V.; Taglieber, A.; Arends, I. W. C. E.; Hollmann, F. Org. Lett. 2013, 15,
180-183.

(8) Matesic, L.; Locke, J. M.; Vine, K. L.; Ranson, M.; Bremner, J. B.; Skropeta, D.
Tetrahedron 2012, 68, 6810-6819.

(9) (a) Fukuzumi, S.; Ishikawa, M.; Tanaka, T. J. Chem. Soc. Chem. Commun. 1985,

46



1069-1071. (b) Ishikawa, M.; Fukuzumi, S. J. Chem. Soc. Chem. Commun. 1990,
1353-1355. (c) Pintér, A.; Sud, A.; Sureshkumar, D.; Klussmann, M. Angew. Chem.
Int. Ed. 2010, 49, 5004-5007.

(10) Schlosser, M.; Franzini, L.; Bauer, C.; Leroux, F. Chem. Eur. J. 2001,
1909-1914.

(11) Ho, T.-L. Carbocycle Construction in Terpene Synthesis, VCH, 1988.

(12) Pangborn, A. B.; Girdello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Organometallics 1996, 15, 1518-1520.

(13) Lehmann, M.; Schulz, A.; Villinger, A. Angew. Chem. Int. Ed. 2009, 48,
7444-7447.

(14) Jackson, A. W.; Stakes, C.; Fulton, D. A. Plym. Chem. 2011, 2, 2500-2511.

(15) Alaimo, P. J.; Arndtsen, B. A.; Bergman, R. G. Organometallics 2000, 19,
2130-2143.

(16) L1, Z.; Parr, B. T.; Davies, H. M. L. J. Am. Chem. Soc. 2012, 134, 10942-10946.

47



o

v R % V7~ Hantzsch = X7 L %
AKBEHEELTAHATATE FOKXKBILRELD
il S5 I s B AR SR AT

48



IR O RUSHERE 2 B B0 & 75 2 &1, MR miE IR 22 il BE RS
EEBLT D7D DM FONIN Y AT LB T A 35 ETEHETHS. fil
BSOS HRERRAT I, 20 AL TIEZ T SOS T R OBLHI 72 & 0 FZBR L2
FEEZ L L LTIThiL TR, T, Ml SOSHRE AT O FE DO E S
ELTC, HmEtEMNERICHER Ry =L oohb. T, 3 a—
& OPERER ELPIAMEOEWHE T /T LY 7 FOBREICE D LD THS.
EBE, B TR & D KBS O BOSHREMRITIZ DWW T b, BlimstR 4
AWM AEANCE STV D . B2, Fam Cilk_7z¥ 70 k%

filiftt & U 7= Hantzsch = A7 /W2 K DA 2 DARFBALSINIZDOWT,

’ T
Sel
~
SOMIN OV
OMe Ar Eto)ﬂ‘\oa OMe
/©/ Ar = 3,5-bis(trifluoromethyl) " O/
H HN

N phenyl N
)1\ 6 (10 mol%) 2a (1.4 equiv) /-\
L Benzene, 60 ‘C, 3 days A .
76% yield
b) 74% ee
" XS,
O , CrS
~ C‘)
o Ny
OO ° TH o AT 050 A
Ar N d \\O
KO WO /N
Ph H H\
EtO | | OE!t Ar. / N
b M
N | EtO OEt
H Ph)\"“-H- -
0 HoO
Mechanism A Mechanism B

Scheme 2-1. a) Organocatalytic hydrogenation of ketimines. b) Mechanism

of the organocatalytic hydrogenation of ketimines.

49



Goodman 5 |G HELIC X 2 il S SRS AT & 320 L C U 5 (Scheme 2-1)."
Z OHERFH R ORE RIL, ROSHEE 6 1K DA I oiEH B ID
Hantzsch = A7 /L & O AAERIZ X U #47 L(Scheme 2-1b, mechanism B), filift
6 DEEINA I > OIEMALD F~(Scheme 2-1a, mechanism A)IZ & EE 57202 &
ZaaL7c, EBIKETIIEEDOA I VN Z iEE &5 2 LMo & & O E
BAOLOSRIBIRMEIC T G L TS Z e R POBEBERARLBE LN TS, £,
i O Lewis g & i Lewis MEELOFLAG OE TH D FLPs 350 THRKFE %
TEVEALT 2 A T = XL 78 EITOWCTHERGFRIC X 2 MR 2305 1012 F2iie S 4
THY, FLPs | O3 AR FBIEMEAL O = L — {70 324 PO R IR S
WO L2 OFARMANE SN TS Li 5, Stephan 512X 0 7
HENTZARAT 4 JHRT 15 18X D53 FIRKEEHALD A T = X LIZHONT
HEREHELIC X AT 2 9406 L TV D (Scheme 2-2).° = OEMNTIE, 2 45 DA Z
74 RTS8 P HED FREE G 23 TIRAKE AT L, IS ZRET S

A J) = X 1% -’ L 72 (Scheme 2-2b).

a) F F F F

Hz (1 atm), Toluene, nt H ’."
Mes_P B(CsFs)a 2 Mes,P g(Cst)z
Toluene, 100 'C -
F P F F
16
wk F F F
MGSPPQB(CEFS’? }I.‘l '|-i
MeszP 8(C6F5)2 Meszp B(CgFs)2 Mes?rF; B(CsFs)2
1 F F H; F F

- - +

CeF B—<E i}—PM
(Cqu)yB‘Q’ (CoF ol oe (CGFs)QB‘QPMeSQ (Cer)ge‘QPMeSQ

G

Scheme 2-2. a) Activation of molecular hydrogen with phosphino-borane 15.

b) Proposed reaction mechanism.

50



Papai 513, B(CeFs); Z it L Uiz A 2 2 19 OKFECRIG OB F ARG Ik
SE, 2 ODAIRELR GRS A 422 L TV D (Scheme 2-3). T 725, Cycle 1
TIE, A 19 D B(CeFs); ~DENLITHEN THrFIRAKFEDTEMALE Z D,

AI=ULt RY RRL—FIDPAERTD. A LTeA I =D L8 FU R L
— M LI TN TAREBEZEZ LPHIET 28 T7 220 & B(CFs); & 5
2Z5ENIHLDOTHD. —J, Cycle 2 TiX, RHTEKLEZT IV 20 O
B(C¢Fs)s ~DEMLIZHE S 57 FIRKFBOIEALEZ Y, ToE=U L FU R

AL — "BNERKT . WIS, AI19NTEF=yLe R RARL— M X

a
) N,’Bu B(CgFs)3 (5 mol%) HN Bu
Ph)l\ H H, (5 atm), Toluene= Ph/+\ H
2h,120°C H
19 20
89%
b -
) N’Bu HN ‘Bu
|
Ph)\ H Phi\ H
19 20
A
Bu By
N---B(CgFs)3 20 HoN---B(CoFo)s
Ph—( Ph
H H H Hy
H  Cycle1 Cycle 2 J
Bu
H-N---B(C¢Fs)3
H, Ph—% H
H H N HH- B(Cst)a
H H K
H H- B(C6F5)3
Ph
HN
Ph
20

Scheme 2-3. a) B(CgFs);-catalyzed hydrogenation of imine 19 under H,. b)

Proposed reaction mechanisms.
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D7a hfbEh, 702084 =0 L FY RRL—FIPERTD.
A=t RU FRL— I OAERRLIFEIE, Cycle 1 & FRIERIC L TRISH I
1792, LEOWIERER LY, Bims R ARG O BUSHHERRATIC BV COF
ARFBEOOLEDTH Y, BBIRESHRIKRD = 1/ F — 15 LU IEOFEM 72
EREL OEHEBRIMPA LG 2 5B 615,

H52 BTN X 91T, FFITAR T HEMELIC X 5 Hantzsch = A7 /L% /K%
e GARE LT VIR = )AL EW OIK TS 2 BA%E LT RO Ay - fil
B K 28 LW LR = U LG ORI K FAC G S AT LT Y, il
JEHERE DFEM A B BT 5 2 LT, AREAKFMEUR V AT A& HSLT 5
9 A THEETH 5. ARG O R B AT XA 7K A0 SO o
REBIRAE 2 & OFEACR U B DOFE N X D RIGTED 2278 E OPRRIZ &
WNDT-, BN 2T AORFHIFET L ETREND. 22T, BE
[TAS IR IEE LS D BUSHERE I Z DU T R LRI 3 L OSBRI R it 21795 2 &
EL7-. KEFE2HEITIE, MESHD 2 SORISHE & ZBRLFEITHES K
HREfATIC OV CRLiR 975, E3FHB L4 H Tk, ERERIVHEESRD
SRR DFER A B 223~ < Blgm L 2 920 L 7. 25 3 Hiil2 35\ Tl Hantzsch
TATNVEET L LIZET ARICE T 2HEmaI ARG REE RS, H4EHTIXY

TVRIZE T A B REAERICOWVWTIERS.
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B2E EBRMEMNFEICLARICEEORS

ARFIIBE S D SO HERE & L C, Scheme 2-4 12789 2 DO USRI A E 2 b1
%. Path AlX, M%), FEVEELESRE CHD. EET VT E K36 D
TANVR=ZVIENRR T [BI(B = 44)~EfL L, FEE Intl 5% 5. &I,
Hantzsch =27 /L 2a 725 Intl ~DKFEBECLY, BV V=g LT LaFkxy
AL— b Int2 AT 5. KT, Int2 225087 V[BIOFAICHENT
Jba—/L 37 BIX N Hantzsch BV 20 5 235515, Path B (3, Stephan 35 &
O Ashley HIZE W HESNTIEA D = AL E BB LTUSRBETH 5.
HIHIZ Hantzsch = AT /L 2a 2 HR T UV [BI~KEBBENKLZ D, B =7 A
E FeARb—hInt3 Z4EKT 5. I3 137 v7 8 K36 ZKkFEHL, U=
VAT NaFTARL—FInt2 525, Int2 725 Path A & [RIERIC[B]2S R4

X, 7ova— 37 B RNHantzsch BV P 58252 5.

“OH Path A Ar” ™ OH Path B

Int1 H 2 H
Ri”\o/[B] ;( " ~ /[B]\d( H-[B]
1 Int3
Int2 OHHO R 2 i
N 36
H
2a

Scheme 2-4. Proposed two reaction pathways.
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EHIARMBESOCHERE DI LA 1T 5720, KT 44 LB BEOR XT LT

t RB6a)t D SEEY 7 aa A& 125 °C 2T L 72(Scheme 2-5). X
5% '"HNMR TBEBFL7ZE 25, Intla DR Y FHLEWERD ' — 27 O &S
V7 FPBIUORVXT AT E ROXRCE VRN OEES S 7 S Bl S
7= (Figure 2-1). £72, P"CNMR (ZEJ 5 W VR =VRFED E— 27 OIRRES > 7
I (Figure 2-2)8 X V"B NMR (28T 58 7 ELAEMOE— 27 Ombisgy 7 k

(Figure 2-3) &R L72. TN L OFERIT Intla DA EZ/RIE L TWD. Fiz,

Intla | Hantzsch = A7 /L 2a LSRN L, X U7 v a—/(37a)%

5z7-.
OHHO
Et Et
CF,  CFs Y TU®°
jeWe! S
O ®, ~(B] 2a (1 equiv
FoC 2 Cha+ L - - O - W) e oh™oH
Ph H CDzCIz * 10 min
36a 25°C pPh” "H 100% conv. , 37a
FiC CF,4 (1 equiv) Int1a 90% NMR vyield
44 ([B] = 44)

Scheme 2-5. Stoichiometric reaction of borane 44 with 36a followed by treatment

with the Hantzsch ester 2a.
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ioue}
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3-H 3©/KH1
4-H 4
36a
o P CFs
Fch CF3
(0]
el
| \ML :
FsC
10 9 8 7

Figure 2-1. 'H NMR spectra of borane 44 (top), benzaldehyde (36a) (middle), and

Intla (bottom).
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36a

I Ph H
(c=0)

Mm Ol
Ph/kH
200 190 180
ppm
Figure 2-2. BC NMR spectra of benzaldehyde (36a) (top) and Intla (bottom).

CF, CFg

FsC B CF4

FsC CF
¥ 3

o Bl

Ph H
Int1ia
([B] = 44)

100 80 60 40 20 0
ppm

Figure 2-3. "B NMR spectra of borane 44 (top) and Intla (bottom).
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— 5T, RT 44 L 4EO Hantzsch = AT )L 2a DG E AT, BV
Y= Abk FeRl— 3 DON-H & B-HICHKTAE—27 0N 'H BLO'B
NMR ETEIHIES N o7, 256D NMR EBROFERIL, ARISSMHTIC

BT Int3 NAERK L7222 & 2R LTV % (Scheme 2-6).

CF; CF,
t Lj\ OHHO ? i
~
FaC B CFy + EtOJﬂLOEt Aﬁ’ao <o) OF!
ﬁ CD2CI2 g ©
25°C H-[B] ([B] = 44)
FsC CF; 2a (1 equiv) Int3 el (el

not observed

Scheme 2-6. Stoichiometric reaction of borane 44 with the Hantzsch ester 2a.

LIk, SEBRR LY, AMBLOSORISHEEIL PathA TH DL EBEXHNS.
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B3I ETFARICBITAHEBEHE

FEBRANE AR FIEICIB T DE O AR SS L Path A CHEITT 2 LoRg &
7. PathA OFEHZ BT 572012, FHRALFER IR L 2 T 2 4
2. K% & LTRURT VT B R(36a)D/KFE{L%EEE L Hantzsch = 27 /L
2a & 1,4-Vb FE26-VAFNLEY V) BEEHZT-ET VRIS TEHEA
BFHE L7z, T WL LIZ5A O Path A OFfEfl % Scheme 2-7 (2789, A
DBERINEE TS NI KFEHRGARTH D 1,4-P Fu2,6-FVAF)LE Y P (22%)0

S PR Intl ~OKFEBENBERETH L5 &E R

HH
L)
N
H

28!

® H ’
2 3 — NH
(8) J o’ H>€i
+ Ph H - Ph. >
) . A 9y
[B] = 44, B(C4F )3, a H y 8
BF4, or BPhy Int1a: [B] = 44
Int1b: (8] = B(CeFs)s TSa" (B) = 44
e 10 = BF TSb'": [B] = B(CgFs)s
Int1d: [B] = BPhy TSc" (8] = BF,
TSd': [B] = BPh,
i X
E‘, (8] . | =
T B T + Ph” "OH + z
A~ /[B] (B] = 44, B(CgF5)3, N
PV "0 BF3, or BPhy 37a 5
Int2a": [B] =44
Int2b"; [B] = B(CygFs)s
Int2c": [B] = BF4

Int2d": [B] = BPh,

Scheme 2-7. Possible path A in model systems.

XL OHIZ, XXT AT E R(36a), N> VLT /a2 —/1(37a), 1,4-VE N1
26-VATFNLEY V2%, BLON2,6-UATNEY U5, MU A[B5-E X

(MU Zndm XAFN)T7 = =/)L]7RT L (44), B(C¢Fs);, BF;, 355N BPhy D
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ERcm bR 2 950 L7, R ki B3LYP/6-31G(d,p) L~V TiTo 7=, &
D15 5N il b 2 Figure 2-4 (283, 7R 7 1 44, B(CeFs);, B &

O BP; O IE (LTI, C3 xIFMEa4EE L TR ZE i L7z, TORE,

T 44, B(CeFs)s, 3B LU BPs DRBELHEEN GO, RURISHET D 3

DDIFHFERILFE—FHEIME L TELTRENATND Z LighoT.

N J
J
C1
$, 9 %_
9
f/J C1-H1 1.10 & 9H1
C1-01.22 &

9 C1-01.42 & Ci-H1 1.1 &

Il I
O

& gl 9 -
J/J c3
T J\J/ J/c;’g: rl y , JéJ)\ ,
;kﬁfk a4y e
e 9 I J T AN 4l j
f\ v f J J/J -
> 4 “\) f J
Dihedral angle (C1-B C2)C3) 33.3 Dihedral angle (C1-B C2»{23) 37.3°

If I
F
| F FF F
N jole! LI XX
FsC B CF F F
5' 3 3 - B r
F F
e, &
44 F F
F

Figure 2-4. Optimized geometries of benzaldehyde (36a), benzyl alcohol (37a),
1,4-dihydro-2,6-dimethylpyridine (5), 2,6-dimethylpyridine (5°), borane 44, B(CesF5s)s,

BF3 s and BPh3.
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F C3 4 )/J
J I e d
AngIBe 'ZFl—g—}:)AIZO" ')/J = 5 j j

9
|H Dihedral angle (C1-B-C2-C3) 32.8°

FoF
B wo oy

F HQHHJ@[H
H H
H B H
H H
HKbEH
H
Figure 2-4 (Continued). Optimized geometries of benzaldehyde (36a), benzyl alcohol

(37a), 1,4-dihydro-2,6-dimethylpyridine (5), 2,6-dimethylpyridine (5’), borane 44,

B(C6F5)3, BF3, al’ldBPh3.

WIZ, NUZXTIT ' R(36a)05 78 U B L 72 H1fH{A Intla, Intlb, Intlc,
B LU Intld ORERGELAIT o7z, PR Intl OFRTFEFLIT 4R TH
HZ b, MmAltEEs L5 2 R THRINS. £ZTET, Scheme 2-8
(R LTeRk7Z2 e RU R L— M OREERELEZITV, RS 2572, 55
Tz B kA IE & X X7 LT B R(36a)D Feii {bAgidE 2 T Intl OY)HIHE
W ER L, MG 2 50 L7z, 15 Dav72 FRA Intla, Intlb, Intle, 35 X

O Intld O i b % Figure 2-5 127397, 455 2072 K Intla, Intlb, Intlc

CF3

ve]O}

Scheme 2-8. Hydorideborates
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(:é &%;

» 9
= C1-01.24 R
Ci1-01.25 A
i:]gkliel(ézss é) 102.1° b Angle (0-B-C2) 100.9° Angle (O-B-F1) 101.7°
I o I
o o BFs
E (0]
0. |
! F F H
3
H
Int1b Intic

Figure 2-5. Optimized geometries of Intla, Intlb, Intlc, and Intld.

B LW Intld O&EEEEX, —mA O-B-C2 OAENZNLIL 102.1°

100.9° , 101.7° . BX100.7° THHZ EMnD, AEBNIORTERLTHDL Z

EIMERR T E .
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WIZ, 5672 [E{K Intla, Intlb, Intle, Intld I35 XN 1,4-T 8 RE-2,6-7 A

FAE Y ¥ 2a’) D S 2 B ICHIRE 2 (B L, BB IRHE TSa’, TSh?,

TSc’, B L O TS DGR L 2 7 7= i b % B3LYP/6-31G(d,p) L X

VAT ol £, EBRIREE TSa’ ORI K k4 0 L 7= (Figure 2-6). H1f#]

KIntla BL DN 1,4-U RE26-TVAFLE Y UQa’)DEE LG A2 VT

WHIHEE TSa -initial % {ERY L 7= (Figure 2-6a). TSa’-initial ® C1 & H1 OFEA

PEEEZA 1.7-12 A T TENEFNETE L OGS RELE R 2T o 77, &hEE Ik

g C1 *

El-H1=1.7
C2-H1 1.1
f”" C1-01.25 A

Figure 2-6. Geometry optimization of TSa’.

energy curve.

b)

Potential energy (Hartree)

TSa'initial: [B] = 44

4

J‘I”J
” JCZJ ,
‘;‘ '*Jf ‘\J H%’M{
4 .
} B0
J f ’

\._'H
o=X
® / Ph
C1

TSa'-candidate: [B] = 44

c) Examples of optimized geometries.
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a) Initial geometry. b) Potential



d) y "

-
R T \ =
] "JHl/[/‘ } 2 H
S - » / 3 3 I @Wl
i 5 At SN - N
° e -9 So=("
pd B > ® / Ph
,J’JJJ C1-H11.42 & C1
SRR ERSRRCE iy Tsa': [B] = 44

9

Figure 2-6. Geometry optimization of TSa’ (continued). d) Optimized geometry of

TSa’.

TORBELEHAETHE LN AT vy L =X —1Cx L CTHER IEREZ 7' o
> b L7z % Figure 2-6b (2779, C1-HI OFEE S 1.7 A IZ[EE L Chomib
FHE AT %G, C2-H1 B XY C1-01 OfEE HEEHIZ L L7 )> - 7= (Figure
2-6¢). C1-H1 OFEEHEREAE 1.4 A [ZEE L CliE{bEI R AT olo e &, AT v
¥y LT RV —EN R S O s A E TSa’-candidate #5372, $ 72, C2-HI
BLOCI-01 OFEAEHEE 1.7 A IZHEE LA & L TR LTz,
C1-H1 Of &Rz 1.2 A ICEE L Tkt B 21T - 7258, AT o0
A Int2a’ ~ & FHE MR L7z, WIZ, 1557z ik TSa’-candidate %
PR & LT, ERIREBRHEE O E FEf L. TORE, BROFEIX
IR LB IRRE TSa’ D i (kA% & 2345 B 4172 (Figure 2-6d). B IKEE TSa’l2d
7% C1-HI OHEEL 1.42A TH-o7-. F£72, C2-HI BL W CI-01 DiEA HE
T I3TABEIVI3IA Thoto., BT, TSR DIRBEGHR 21T - 72458, 1
DORERB B S iz, ZOEEIREE— ML HI 225 Cl ~DIREIE—
RTHY, KEBIBROEBRETHL Z LAFRERLTVD.

FREAR Intlb BE N 1,4-T 8 RE2,6-UAF LYY VrQa’)Diximlbikis s

T & TS -initial % {ER% L 7= (Figure 2-7a). TSb’-initial ® C1 & HI
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DA 1.6-1.2 A FTENLNEE L TSR LEI R 21T o7z, &b
B C ORI E TE LN BT v v b = ROV — (TR L THEA R
%71 b L7ZK% Figure 2-7b (279", Cl1-HI OFEAIREEZE 1.6 A ICEE L T
bR E T o786, C2-H1 B LY C1-01 OFEEHEEN DTN ICE L
7=(Figure 2-7c). C1-H1 OAEEEREA 1.4 A ICHEE L TRk EEIT-o 72 & &,
T oY/l TRVF —EP RS &V ERE{CHEE TSb’-candidate % 4572

(Figure 2-7c). F£7-, C2-HI BL W CI1-01 OFEA T 1.6 A [ZEHE LA

(Hartr{co)

-2 955

Potential energy

n 1.2 13 14 15 16 1.7

Bond length of C1-H1 (1)

C1-01.40 A

4

Iy
s j C1-H11.20 &
"

o 10 I-‘I/t& © 140 |Tl/\=&
B] \O} H [B]\o\_: H
® 7(Ph ® 7<Ph
C1 C1
[B] = B(CsFs)3 TSb'-candidate: [B] = B(C¢Fs);

Figure 2-7. Geometry optimization of TSb’. a) Initial geometry. b) Potential

energy curve. c¢) Examples of optimized geometries.
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9

2 /J J a C2 4 /x C2
N w le— 3 c \ \/—(
7
J#‘& 1 j @ _ © 144 H/H
J) ., | Bl N 'H
No=x¢
W ® / Ph
{ ] C1-H1 1.44 ;\\ C1
- C2-H1 1.28
%‘J C1-01.30 A& TSb': [B] = B(C¢Fs)3
J |

Figure 2-7. Geometry optimization of TSb’ (continued). d) Optimized geometry of

TSb’.

CHER L T E BICHE LTz, CI-HI OfA % 1.2 A I2[HE L Ciik
HEEITo5E, BRE T2 PHA Int2b>~EFHRBIUR L. &g, 55
M7= {tA%iE TSb’-candidate # #HIMEIE & L C, EBIREREIE D ROE(b 2
i L7z, ZORER, HROFHEIZIOR LEBIREE TSh’ O Hil bG35 6
A7z (Figure 2-7d). EBRIRRE TSW 123511 5 C1-HI OffIX 1.44 A THHo7-.
F72, C2-H1 BL U CI-01 OFEAIEREL 128 A B L1304 Thoto. EhH
(2, TSh’ DIREEGHRIT | DOEBIREBPFET DL L AR L. 2O
IRENE— NIZHL 206 Cl ~OKFEBEHRETH DL Z & 2R L7z,

HFAR Intle BE O 1,4-U 8 FE26-UAF LYY VrQa’)Diximbikis s
FW TS TSe -initial % {E[k L 7= (Figure 2-8a). TSc’-initial © C1 & H1
DA 1.6-1.1 A £ TENLNEE L TG bEI R 21T o7z, &b
AU CORBEVEE THE LN RT P v b o L X — %6 L TR A IEEE
71w b L7z[X% Figure 2-8b (27”7, C1-HI OFESHEHES 1.6 A IZREE L T
KBEILRE 21T 72854, C2-H1 B LN C1-01 OfEA HEE M L 7= (Figure

2-8¢c). Cl-H1 OfEAHEREZ 1.5 A ICEE L OBkt B a B L7z 2 A, &

65



-998.265

H‘{ @ H1 C2 '
”’(‘ l \ HA\

J/Hfz{*o ’ / = Ph'/go
J’. 4 H\ [B]

o TSc' -|n|t|a|. [B] = BF,
4

-998.275

998.285

998.295

“998.305

-998.315

-998.325

Potential energy (Hartree)

998.335
1 11 12 13 14 15 16 17

Bond length of C1-H1 (1)

C1-H11.10 &
C1-01.42 A

X
l o,
N

Ph):_o® Ph}'_ @ H
=0_ 0 H H
HS NE) HS ) o B
. BF
o1 C1 PhXO/ 3
[B] = BF3 TSc'-candidate: [B] = BF3 Int2c

d)

"\ >Ci

th
H \ 5]
) . C1
C2-H11.27 & TSc": [B] = BF3

C1-01.30 A

Figure 2-8. Geometry optimization of TSe¢’. a) Initial geometry. b) Potential
energy curve. c) Examples of optimized geometries. d) Optimized geometry of

TSc’.
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TV XNV F—ED b m O VS TSe’-candidate % 1572 (Figure
2-8¢). F7z, C2-H1 B L' CI1-01 OFEAREREIL 1.6 A IC[EE L7256 & g L
TIBITHE L TWE. Cl1-HI OfEAEREL 1.1 A ICEE L Chisfbit A 217
STety, BET 2 HIE In2e~ L FHENIGR L2, &Iz, &5k
{3t TSe’-candidate Z WIS & L C, ERREHEOKELERAT. £
OFER, BROFFEIXNGR L BBIREE TSe® D o ik 23 1% H a7z (Figure
2-8d). ERINEE TS’ IZH1F D Cl-H1 OHEkIL 147 A TH-7=. £7=, C2-HI
BLOCI-01 DAL 1.27A BL N304 Tholo. 61T, TSCDOHRE
BEGIRICE > T 1 DORBIRBOFELHR L. ZOEEIREE— N
Hl 775 Cl ~OIREIE— R TH Y, KEBEBEOBBRETHD Z L AR
L CWN5.

FEAR Intld BE N 1,4-T 8 FE2,6-UAF LYY VrQa’)Dximbikis s
FW TS TSd -initial % {ER% L 7= (Figure 2-9a). TSd’-initial ® C1 & H1
DA 1.6-12 A FTENLNEE L TG bEI R 21T o7z, &b
BB CORBELHE TE LN RT v ¥ b = VX —2%F L CRE A R
71w b L7z % Figure 2-9b (27”7, C1-HI OFEGHEBES 1.6 A IZFEE L T
KBEILRHE 21T > 72854, C2-H1 B L C1-01 OFEAIHEEA £ L 7= (Figure
2-9¢). C1-H1 OFEEHEREA 1.4 A IZEE L CliEbEI R AT oo e &, AT v
¥ LT RV —ED R b & O i A S TSd’-candidate % 15 7= (Figure 2-9c).
Cl1-Hl Ot & iElEZ 1.2 A ICHEE L Tkt 2T o 7o hd, AE 45
B In2d> ~ L FEBNER L. &Iz, B bh-fiEbifiE TSd’-candidate
ARG & LT, ERIREBREORE L Ei L. £ ORER, BROFHE

FIR LERB IR HE TSA D e (b AIE 235 & 4172 (Figure 2-9d). EREIKEE TS
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Figure 2-9. Geometry optimization of TSd’. a) Initial geometry. b) Potential

energy curve. c) Examples of optimized geometries. d) Optimized geometry of

TSd’.
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CIETOHETHELNIZNU AT LT B F(36a), X UT La—)b
(37a), 1,4-t Ru26-VATNLEY U Q2a), B 26-VAFLEY VYV
(5°), Intl, Int2, BEL TS O 2 8=/ ¥—% H TR/ — KX %
YER% L 7=(Figure 2-11). R 7 > 44 ZH W\ 7=354, FHEA Intla D= KL ¥ —(%
RT 44, XUXT LT E RB6a), BELW 14-UE FE2,6-VAFLEY Y
> )M REE L 7 iR BE(44436a+22°) D= R L X — L Y ¢ 7.8 keal/mol X F L 7=
(Red line). £ 72, TSa’ D = % /L ¥ — [ Intla+22’ D = R /L X — J U ¢ 1.3 keal/mol

KW &35 0vo7-. BER ZHWEHAaIlcB0W T, TSOD T R F—)»

Aed: [B] = 44 !
H
Blue: [B] = B(CgFs)3 C(NH
PR H =X
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o H (B]
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) e om(76) ®,
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Figure 2-11. Energy diagrams of the path A in the model systems with borane 44,

B(CeF5)3, BF3, and BPh; (B3LYP/6-31G(d,p), an zero-point energy).

70



Intle+22’D T R /LX— L U 4 0.2 kcal/mol & T L 72 (Green line). —J7, B(C¢Fs)3
B LU BPhs & W 2356, TSh’E LN TSA’D = % /L ¥ — (X Intlb+22’F L
Intld+22° D = XL X — XD HEHNZ ENR530 -7 (Blue line 35 X OV Black
line). EBIREE TS’ D= X /LF —|T Intla2a’ DT R /LX— L 0 HEn & FAEL

TWER, BT 44 BLO BE 2 W54 0OHGHREIT TS’ B L O TSe
DT H/LF =N Intla+22’B L O Intle 22’ DT F/LFXF— L) N L A2RL
. ThoDZ &nb, EFARITTHE LN RV F— IR TlE SOt
DFMITHEm TE RV, ZO X I B RE 5 X 5 DIX, Hantzsch = A7 /L 2a
DIZFNT AT VAL ZFRNZZ EIZE D, ROV F =D DTH D
EFMLTZ. 2T, Hantzsch = A7)V 2a ZfW2 U 7R CORRHA L

FEhg+sHr L L LT~
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Fagi VT ARIIBITAEGHE
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ATFNEY D UQRONCET LI S LT RO R T —NE{L LTz
mHEEZLND. £ T, Hantzsch TAT )V 2a TDHDZE AN U 7%
WCTAKCOHEmEI R 2 Em T 52 L & L.

U T NVFHRE M6 @ Path A OFffiZ Scheme 2-9 (27”9 H1DIZ, V7T
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Scheme 2-9. Possible path A in real systems
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Figure 2-12. Optimized geometries of the Hantzsch ester 2a and the Hantzsch

pyridine 5.

BT fem S & Figure 2-12 (27”9, Hantzsch = 2 7 /L 2a O G
BWTL, 200 F )V A7 VEIETE R B O URICHR L CHfim X (2)L
ETHZENTholc. e, KFZBFRTFHLIZYE Fub ) UUVEOPHR I
Lo TERPOM U SNIAALEITHFEL TS

WIZ, H[#{K Intla, Intlb, Intle, Intld 33 & OY Hantzsch = A 7 /L 2a O fciifb
WS 2 VN CERIRAE TSa, TSb, TSe, 3 & O TSd D& Fi#(b 2 7. Hf
i k% B3LYP/6-31G(d,p) L~V T 7=

F9°, TSa O RELEHR % Eht L 7=(Figure 2-13). F[{K Intla 8 L O
Hantzsch =27 /L 2a D& {bAEiE % FV TS TSa-initial 2 {ERk L 72
(Figure 2-13a). TSa-initial ® C1 & H1 OFEEHEREA 1.6-1.3 A £ TENLNIHE
E L TRl bR AT o 7. A CoRE LA TR ONZRT v
Ty VX —ITx LR AR 7 m > b L72 X% Figure 2-13b IZR 7.

Cl-H1 OfEE A 1.6 A ICETE L Tiadlbit A 21T - 72856, C2-H1 BL O
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Figure 2-13. Geometry optimization of TSa. a) Initial geometry. b) Potential

energy curve. c) Examples of optimized geometries. d) Optimized geometry of

TSa.
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C1-01 OFEAHEREC T 7223 L 5 372 (Figure 2-13¢c). C1-H1 O#5A FEREE
14 ACHEE L bR AT &, AT UV vy VR —HDORK
b O i (kA% S TSa-candidate 72345 H 4072, £72, C2-H1 B8 LN C1-01 O
AEEEET 1.6 A ICHEE L7chA LR L TEHIZHE LT, Cl-HI OffE
PEMEA 1.2 A ICHEE L ClR{bEH R 21T > 7286, BRYE 72 T MK Int2a ~
ERMEPIOR L. Wi, 56z biis TSa-candidate Z fFJ#iHIE & L
T, EBREEEORBECEZ I Lz, O, BRI LEBIR
HE TSa D G 2345 B AL 7= (Figure 2-13d). ZERIRHE TSa (2817 % C1-HI
OB 134 A Tho7=. £72, C2-HI BLWNCI-01 OFEAHEHEIT 1424 5
FO132A Thoto. IHIZ, TSa DEBEGFHEIZ LY, | DOEEIRTOF
AR L. ZOBRMIEET— NIX HI 225 Cl ~DOIREITE— RThHH, K
FEBREREOEBRETHH A2 RBEL TN,

WA, ERIRRE TSb O fom ks % Figure 2-14 (2779, HRE{A Intlb
¥ L UY Hantzsch — 2 7 /L 2a D (b A% 2 VTR E TSb-initial 4 7K

L 7= (Figure 2-14a). TSb-initial ® C1 & HI O#EAIEREZ 1.5-1.1 A £ TENE

a) b)
? 4
’] H{ E
JH 4 ) / C2 B
& @ &9 ';‘_ C2 @ \H‘>:(NH Zgan
v / ’ ’ /Q:& =
at e oier S = | 9 HoLog o
MJ‘J C1 \‘/‘J @ [B]\O:<H R3416.34 /
> . S o 01”® / Ph I
: / C1 °
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/J\. /7Y C2-H11.10 A TSb-initial: [B] = B(CgFs)3 e Gt 1 5 b 4 0
C1-011.25 & 4

Bond length of C1-H1 (1)

Figure 2-14. Geometry optimization of TSb. a) Initial geometry. b) Potential

energy curve.
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Figure 2-14. Geometry optimization of TSb (continued). c¢) Examples of optimized

geometries. d) Optimized geometry of TSb.

UEE U O il LR 2 Rl L7z, &5 A HEEc o kom bt i o b niz
T T LT R F =Tk LR A EREAL 7 e b L7z [X % Figure 2-14b |2
Y. Cl-HI OfE G R L 1.5 A IZEE U Cldfbit R 217 - 72354, C2-Hl
BLY C1-01 OFEA B EN R S iz(Figure 2-14c). C1-H1 D54
Z14AICHETE L CTREBILHEA2ITo1- L&, BT ¥y VTRV —H K

WO i LA 1 TSb-candidate 2157-. £7-, C2-H1 B L C1-01 OfEA IR
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BELE 1.5 ACEE L72HA & I LTI IR LTz, Cl-H1 OF5A Bk
Z 1.1 A ICEE U ChRai bR R 21T o 72356, Bi9E 32 HRHE Int2b ~ &5
BANIR L7z, WIS, ik {bigE TSb-candidate Z fIHiHHIE & L C,
ERIREEE O RE(b 21T o 72, ZOFER, BROFHREITINOR LERIREE TSb
DI bAEE 2 5 B 7= (Figure 2-14d). EREIRRE TS (231F % C1-HI O Hff
X 1.33A Tho/o. £72,C2-H1 BELUC1-01 OFEAIRREIL 142 A B LDV 1.31
AThoTo. 51T, TShb OIREEGHRIC LV 1 SOEHIRE) D FAEZ iR L
7=. ZOREIREE— FIX HI 75 Cl ~OREIT— R TH Y, KEBTER
EBRETHD L ERBLTND.

WIZ, BRIRRE TSe O R LR % Figure 2-15 12”87, F[E{AK Intle
F X U Hantzsch = X 7 /1 2a O Fii Ak 1E 2 F VN THIHIAEE TSc-initial 2 {ERL
L 7-(Figure 2-15a). TSec-initial ® C1 & H1 OFSSHHEE 1.6-1.1 A £ TENE
MUEE U CRS ali LR 2 Rl U7z, &5 A R cokom bt i o b iz
RT VX VTRV TR L TCHREG A 7 e v b L72IX % Figure 2-15b (2

~9. Cl-Hl OFEA R 1.6 A IZEE L Cheaf{bEt R 21T 72546, C2-HI

a) b) 1532.61
f ’::/ 1532.62
J’ C2 E 153 ~_
T —
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o160 HO i
o | = Bl 4 OEt £ 153
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Figure 2-15. Geometry optimization of TSc. a) Initial geometry. b) Potential

energy curve.
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Figure 2-15. Geometry optimization of TSc (continued). c¢) Examples of optimized

geometries. d) Optimized geometry of TSc.

B LU C1-01 OFEAIRBEZ DT iR 28 H b A7z (Figure 2-15¢). C1-H1 Ok
HHEREZ 1.4 A ICEE L TRt R 2{Tom 8 &, AT vy v o gL F—
A i b A e b A% TSc-candidate % 15%7-. F72, C2-H1 88XV C1-01 ©
A IR 1.6 A ICEE Lo d L g L TS IR LTz, Cl-H1 Off
AHEREZ 1.1 A ICEE L CRE(LEIR 21T o 7286, BN E 7 5 K Int2e

NEFHRADOR L7z, I, 15 b7z ki b iE TSc-candidate 2 #HIH#§E &
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LT, ERIREM GO Rz £ L. TORE, BHOORIXR LiER
IRBE TSe DI L& 235 5 U 7= (Figure 2-15d). 3B IRHE TSc (I28B1F 5 C1-HI
OEFEEL 131 A Thotz. Fiz, C2-HI BL U CI-01 OFEAEREX 1424 5
FO132A Thotz. IHIT, TSe DIRBIEGHROERIL, 1| DOEEIRTO
fffEZER L. ZORBIREE— RiX H1 205 Cl ~OE#E— RFTHV, K
FBEREOEBIRETH DL Z A2 RBEL TN,

WA, ERIRRE TSd O bk % Figure 2-16 (2”7, HfE{K Intld
¥ L UF Hantzsch = 2 7 /L 2a D {bA#IE 2 H1V T A% 1S TSd-initial % 1FR%
L 7= (Figure 2-16a). TSd-initial ® C1 & HI OfEAMHEE%Z 1.6-1.1 A £ TENE
MHEE U TSRl LE R A 1T o 7. B/ IEREC o R LA R TR b iR
TV VT AT =IO L TRA EEREA 7 e b L7Z X% Figure 2-16b (27
T, Cl1-Hl OFEAEEREA 1.6 A IZ[EE L Tkt E A2 1T - 7234, C2-H1 B
KOV C1-01 OFEATEBEIC T M7 if K23 B & 4172 (Figure 2-16¢). C1-H1 D54
EEAZ 1.3 A ICEE L ThRE{bEHEEZITo7m 8 &, AT vy L=V F—E

D3 b i WO i {bAE E TSd-candidate % 1572 (Figure 2-16¢). £72, C2-H1 B &

a) 7 b) . 197
, o)
> {1 = / c2 ::4 mma -
IS MGe v T T
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Figure 2-16. Geometry optimization of TSd. a) Initial geometry. b) Potential

energy curve.
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Figure 2-16. Geometry optimization of TSd. (continued) c) Examples of optimized

geometries. d) Optimized geometry of TSd.
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Figure 2-17. Optimized geometries of Int2a, Int2b, Int2c, and Int2d.
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Figure 2-18. Energy diagrams of the path A in the real systems with borane 44,

B(CeF5)3, BPhs, and BF; (B3LYP/6-31G(d,p), zero-point energy)
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General

Commercially available chemicals were purchased from Aldrich, TCI, Kanto, Wako,
and Nakalai and used without further purification unless otherwise noted.
Benzaldehyde (36a) were purified by distillation prior to use.
Tris[3,5-bis(trifluoromethyl)phenyl]borane (44)° was prepared according to the
literature procedures. NMR spectra were recorded at 25 °C on a JEOL ECS-400
spectrometer (396 MHz for IH, 100 MHz for 13C, 373 MHz for 19F, 127 MHz for 11B).
Chemical shifts are reported in & ppm. Chemical shifts of 'H and C NMR are
given relative to the solvent peak as an internal standard. Chemical shifts of '°F and

"B NMR were reported relative to external CF;CO,H (-78.5 ppm) and BF;+OEt; (0

ppm).

Stoichiometric reaction of borane 44 with benzaldehyde (36a)

In a glovebox, benzaldehyde (36a) was added to a solution of
tris[3,5-bis(trifluoromethy)phenyl]borane (44) (19.5 mg, 0.03 mmol) in 0.75 mL of
CD,Cl; in a sealable J-Young NMR tube at 25 °C. The resulting clear solution was
characterized by 'H, °C and ''B NMR analyses to be Intla (Charts 1, 2, and 3).
The Hantzsch ester 2a (7.6 mg, 0.03 mmol) was added to the solution at 25 °C in a
glovebox. The resulting solution was immediately analyzed with '"H NMR (<10
min) to be the formation of benzyl alcohol (36a) (Chart 4). GC-MS analysis of the

solution also supported the formation of benzyl alcohol (36a).
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Stoichiometric reaction of borane 44 with the Hantzsch ester 2a

In a glovebox, the Hantzsch ester 2a (7.6 mg, 0.03 mmol) was added to a solution of
tris[3,5-bis(trifluoromethy)phenyl]borane (44) (19.5 mg, 0.03 mmol) in 0.75 mL of
CD,Cl; in a sealable J-Young NMR tube at 25 °C. The resulting yellow-green
solution was analyzed with 'H and ''B NMR (Charts 5 and 6). Resonances
attributable to NH around 13 ppm in 'H NMR and BH around 3.5 ppm (quartet, J =
~80 Hz) in '"H NMR and around 24 ppm (doublet, J = ~80 Hz) in ''B NMR were not
observed under the reaction conditions.® Formation of 1,2-dihydropyridine adduct

59 was suggested by 'H and ''B NMR analyses.’
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Computational methods

All calculations were carried out with the Gaussian 09 program pakage.” Geometry
optimizations and frequency calculations were performed with B3LYP method using
6-31G(d,p) basis set. All the stationary geometries were confirmed to be energy
minima by achieving vibrational frequency analyses. Transition structures were also
confirmed to be true transition states on the potential energy surfaces by achieving

vibrational frequency analyses.
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1.359038

1.493076

2.504423

-3.801878

-2.869440

-0.576400

0.777641

1.454660

0.000000

-1.454660

-1.456888

0.000000 0.000000

1.317739 0.000000

-0.658869 0.000000

-0.658869 0.000000

0.000000

1.569282

2.307957

2.307957

1.775869

1.775869

4.402665

5.489255

-0.784641

-2.029830

-0.278127

0.000000

0.000000

0.652591

-0.652591

1.167758

-1.167758

0.000000

0.000000

0.000000

-0.652591

0.652591



H

H

C

H

C

C

0.635079

2.440816

3.812820

4.753834

-1.359038

-1.493076

-2.504423

-0.635079

-2.440816

-3.812820

-4.753834

1.007085

1.789977

-1.007085

-1.789977

3.709477

4.568960

2.702392

2.778983

-2.702392

-2.778983

-3.709477

-4.568960

-2.451748 -1.167758

0.675879 1.167758
-2.201332  0.000000

-2.744628 0.000000

-0.784641

-2.029830

-0.278127

-2.451748

0.675879

-2.201332

-2.744628

3.701894

4.242337

3.701894

4.242337

-0.978786

-0.571003

-2.723108

-3.671334

-2.723108

-3.671334

-0.978786

-0.571003

0.000000

0.652591

-0.652591

1.167758

-1.167758

0.000000

0.000000

-0.666832

-1.191714

0.666832

1.191714

0.666832

1.191714

-0.666832

-1.191714

0.666832

1.191714

-0.666832

-1.191714
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Intla

C

C

0.738092

1.586625

2.226257

2.018658

1.167361

0.525228

0.976375

0.237489

0.248353

1.748863

2.880813

2.508735

-0.127218

1.501481

-0.018994

-1.621780

-2.392711

-2.297537

-3.767805

-1.922214

-3.671944

-1.742766

-0.340559 6.034894

0.591475 6.647868

1.580864 5.895721

1.641206 4.522436

0.707762 3.899719

-0.287570 4.665324

0.802382 2.471860

0.023974

1.834898

-1.102865 6.631640

0.544053 7.720461

2.297388 6.380346

2405164 3.925193

-0.998919 4.171288

1.597237

-0.009706

-0.221630

0.366583

-1.061705

0.132451

1.026953

-1.284261

-1.559933

1.928799

0.190805

0.101716

-0.912570

1.003622

-1.020317

-1.633683

0.913169

1.791502



-4.419208

-5.485323

0.828447

2.108750

0.320231

2.843365

2.563909

1.054318

-0.670514

2.320352

2.885919

0.512452

1.604910

-0.118733

2.043355

2.128022

0.325645

-0.985588

1.410633

1.753325

-4.360515

4.175988

-0.327615

-0.688873

-0.863554

-1.314314

-1.599745

-2.195324

-2.705729

-0.952976

-3.295692

-2.028849

-3.563093

-4.421761

1.402207

1.496100

2.610935

2.726209

0.595397

3.843919

2.592698

3.909078

4.862817

-2.121906

-3.007597

5.112336

-0.103609

-0.179950

-0.273587

0.226525

-1.242036

-0.207405

0.970700

-1.691992

-1.651338

-1.173827

-1.514275

-0.404366

-1.281235

-0.051434

-1.782492

-1.583798

-0.532482

0.603382

-1.407262

-1.789509

1.956764

0.423221

-0.050884
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-4.535334

0.494069

3.177030

-0.173718

-5.498612

4.978184

0.208618

-4.698141

4.036465

4.837452

-3.567701

-1.650468

-0.849396

-4.081924

4.110720

0.772793

-4.425159

2.743760

1.007308

-5.853855

3.796953

0.733994 -2.168073
-4.170287 -2.783456
2.763728 -2.774726
6.127215 -0.926165
-2.679518 1.492144
-3.716674 -0.397971
5.521774 1.127087

-1.383942  3.043059
-3.730449 1.560840
-1.876354 0.763363

-3.123429  2.402172

4.948405 0.161293

-4.278393  -2.699227
1.968597 -2.479983
1.826560 -2.498805
-3.671399 -4.009943
-0.017662 -3.287787
2.529836 -4.033275
-5.419970 -2.740180
0.842421 -1.892969
3.964783 -2.784819



Intlb

C

2.855987

3.897677

4.227118

3.512347

2.465818

2.136964

1.736188

0.802602

2.612043

4.455940

5.035490

3.756450

1.325156

2.015768

-0.131210

-1.580593

-2.782786

-1.706731

-4.076402

0.549665

1.918860

-0.142155

-1.536545

-0.723002

0.466108

0.847019

0.033452

-1.165608

0.447452

-0.240788

-2.456399

-1.020005

1.087955

1.768234

-1.774875

1.380920

-0.004277

-0.494717

0.180236

-1.669679

-1.409130

-1.010936

-0.950144

-1.979531

4.589211

5.055018

4.398028

3.267885

2.795734

3.462127

1.621201

1.165396

5.110397

5.937847

4.767815

2.746183

3.078726

1.123828

-0.142501

0.421760

0.197190

1.172033

1.458907

-1.230130

-1.501291

-1.961800

C
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1.846285

-0.060713

0.108946

-0.249987

-0.067601

-2.909682

-4.011787

0.475741

2.579691

0.109338

-0.247534

-5.244821

-2.955620

-0.624231

-2.818416

-5.127514

-1.474162

-0.242263

2.452658

3.900039

2.686355

0.262873

0.277631

-2.743761

1.577548

2.062752

2.570183

4.364564

-2.129344

-0.247604

-2.836784

-1.786030

3.420943

3.934780

-1.833538

-3.259888

-2.447818

1.303972

0.451462

-2.125775

-3.746362

-3.559581

-1.672603

-0.015411

1.221162

3.822324

-3.087503

-0.533424

-1.833519

0.433307

-1.145344

1.697059

0.698851

-2.872397

-2.393306

-2.151231

0.166267

1.951280

2.416788

1.410629

-0.547739

0.451160

-1.833648

-3.543218

-3.955353

-2.594313

-0.879778

-2.872505

-3.417215



F -0.062013
F -0.418706
F -0.442201
Intlc

C -3.029011
C -3.921353
C -3.450172
C -2.079575
C -1.179279
C -1.660413
C 0.244229
O 1.103602
B 2.773187
F 2.773449
F 3.189677
F 3.189672
H -3.408185
H -4.991049
H -4.149145
H -1.698256
H -0.947944
H 0.578083

5.669429

4.828953

2.211290

1.355477

0.275497

-1.040007

-1.279567

-0.199868

1.123556

-0.478486

-1.432633

1.149611

1.727684

-0.000025

0.000013

0.000018

-0.000008

-0.000015

-0.000051

0.000023

0.417557 0.000004

0.030740 0.000004

-1.339548 0.000378

0.607907

0.607202

2.372258

0.462844

-1.869896

-2.297113

1.941451

-1.523365

1.151526

-1.151873

-0.000039

0.000026

0.000043

-0.000010

-0.000069

-0.000014
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Intld

C -4.707245
C -5.741743
C -5.457687
C -4.133877
C -3.091650
C -3.384398
C -1.718710
O -0.743062
H -4.940302
H -6.774497
H -6.264827
H -3.898371
H -2.566142
H -1.548115
B 0.937534
C 1.605325
C 2.632725
C 1.235196
C 2.853612
C 1.232447
C 0.417450
C 2.356166

-1.880332

-0.940444

0.415942

0.836493

-0.102071

-1.467215

0.368505

-0.392668

-2.931309

-1.269410

1.137857

1.888381

-2.175746

1.444575

-0.445718

-0.354162

-0.176690

-0.089897

-0.180961

-0.359997

-0.086455

-0.161355

-0.583472

-0.421827

-0.106814

0.047900

-0.428445

0.050020

0.054474  0.025306

-0.786415

-0.251737

-2.120955

-2.312174

-0.526345

-0.224419

-1.334271

-1.178197

-1.975843

-1.438500

-3.224863

1.505746

2.613774

1.756649



1.824348

0.966571

1.344913

0.613122

1.005095

1.837856

3.253695

2.655138

0.698470

1.370849

0.623214

-0.462607

0.041445

2.049676

3.535583

3.010553

0.335826

0.344500

1.022850

1.677795

1.633997

2.956703

4.047749

-1.495027

1.661639

2.525963

2.272412

4.486105

-2.872508

-0.999070

-1.807821

-0.698272

3.914237

3.657309

0.402685

-0.446407

-1.867335

-2.426339

-1.597870

1.643337

4.089725

5.565144

4.548437

2.102141

0.771519

-0.552481

4.112017

-0.135520

0.908232

-1.358764

-0.470579

-2.446775

-2.980549

3.036196

3.895616

0.747615

-1.528229

2.480287

4.724414

5.107771

3.190952

0.931064

-2.202187

-2.485983

-0.598515

1.575401

1.865222

-1.807788

-3.573762
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H

H

H

3.329345

1.520955

0.459411

Int2a’

C

C

-0.582368

-1.322158

-1.693283

-1.329250

-0.592606

-0.225429

-0.164673

-0.244036

-0.279195

-1.598671

-2.256803

-1.583093

0.339855

0.862560

0.391287

0.235759

0.792273

-0.467167

-2.895094

-3.897601

-2.582401

-2.313113

-1.656754

-0.326071

0.340474

-0.309574

-1.648262

0.424845

-0.413017

-3.345989

-2.176633

0.198476

1.391741

-2.157794

0.800469

-0.002645

-1.308659

-1.351324

-2.449664

-4.009069

-2.622972

-0.832758

5.171589

6.160008

5.969518

4.793537

3.791715

3.997703

2.533226

1.416829

5.318001

7.072278

6.736089

4.670738

3.224634

2.683501

0.106647

-0.874786

-2.165914

-0.466472



C

H

H

C

0.637980

1.359746

-0.634300

-0.879157

-0.084789

-0.211305

1.994436

2.755784

2.698489

4.131035

2.257368

4.079140

2.167957

4.807004

5.874048

-0.424878

-0.328126

-1.317206

-1.096816

0.377621

-2.064835

-1.424230

-1.971462

-2.457825

-0.500383

-3.560838

-2.463512

-3.574848

-4.430265

0.308138

-0.486725

1.287271

-0.311179

-1.262947

1.467532

1.929161

0.671750

0.812468

1.303003

2.571388

1.214229

3.663587

2.724780

2.308292

0.268594

3.544420

-3.004813

-2.532122

-1.301684

0.535575

-2.581835

-3.233816

0.299377

1.174946

-0.418233

1.334982

1.747583

-0.270795

-1.115129

0.610111

0.730083

-0.510320

0.093260

-1.594132

-0.325179

0.903860

-2.043654

-2.114780

-1.403827
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H

C

C

C

C

F

-2.546915

-1.471898

4.900595

-3.045803

1.303912

4.764934

-1.049028

-3.209652

-1.260951

6.034522

-4.298126

-2.816782

5.270380

4.169776

-1.274849

-2.706174

4.257917

1.361568

-1.876742

4.621553

2.575740

0.179986

6.093743

4.395737 -1.747597
-4.710371 -0.830749
-1.228875 2.244223

2.141844 -3.168240

-2.475631 -4.354470
2.577228 -1.019240

4.944112 0.457524

3.270684 -3.884965
-5.844014 -1.522351
-0.654664 2.707978

1.816643 -2.692622

-4.440925 -0.939947
-2.370658 1.615833
-1.601715 3.322199
-4.989956 0.482856
1.155065 -4.017312
2.735340 -2.263378
-1.243055 -4.905623
4.873334 1.547877
3.769904 -0.389749
-2.932397 -4.281723
5.216135 0.934682

2.362342  -1.149043



F

F

0.650778

-1.459681

-4.050899

-3.623533

-3.581541

-3.947338

-4.388602

-4.421471

-3.250658

-3.855100

-4.048486

-3.167593

-4.660919

-4.722604

-0.794978

-3.055545

-4.070819

-2.359798

-3.585289

-4.818187

-3.111974

-3.278197

6.009443

-1.560191

-1.541466

-0.337906

0.847628

0.834118

-0.367432

-2.757364

2.089773

-2.500702

-0.317262

1.763351

-0.360882

1.326385

-3.597461

-3.034393

-2.575729

1.865789

2.608957

2.780171

-5.228514

-0.260491

0.168594

1.489531

2.121445

1.569757

0.253833

-0.450936

2.276451

2.403797

-0.367058

3.055632

-0.228902

-1.492494

2.424222

1.610832

2.950019

2.883519

3.437500

2.404769

1.993296
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Int2b’

C

3.345169

4.466129

4.516850

3.469432

2.346414

2.291275

1.197329

0.607655

3.279437

5.272908

5.364939

3.518519

1.409540

0.466231

-0.714926

-1.110001

-1.776483

-0.891689

-1.875503

-1.966489

-1.920761

-3.235015

-3.365334

-2.922801

-1.596952

-0.719951

-1.152492

-2.491156

-0.203258

-0.480329

-4.403939

-3.610961

-1.249107

0.311710

-2.828447

-0.295654

0.124057

-0.340688

0.452612

-1.653157

-1.299045

-0.486521

-1.664665

0.100344

-1.805250

-2.516985

-2.957310

-2.661104

-1.943456

-1.529665

-1.661998

-0.418601

-1.490526

-2.754313

-3.542099

-3.002433

-0.998426

-2.480778

-0.113548

1.435844

2.377130

1.865571

4.028366

-1.029541

-1.775864

-0.974765



-4.256479

-0.513184

-0.832732

0.223374

0.261145

-1.233139

-2.149894

-4.363100

-3.023371

-0.481101

0.621531

-2.218159

-0.957284

-0.309581

-2.087116

-2.768479

-3.414495

-5.548240

-5.327987

-2.900223

-0.768047

-1.489088

-0.824115

-1.578678

1.775047

2.488708

2.522628

4.508096

-2.352376

-0.294704

-1.453022

0.624005

-0.723727

-2.138432  3.126354

0.008813

-0.405326

-2.211326

3.821764

3.841641

-1.741524

-3.409960

-2.569770

1.735458

0.835029

1.234356

0.218820

-2.089395

-3.345818

-2.363058

1.894338

4.435929

3.645879

-1.611513

-2.434801

-1.677006

0.441653

5.246551

3.469185

1.044605

2.107198

4.503546

-0.260920

-1.516112

-2.976076

-3.145328

-1.925320

-2.472383

-2.819857

0.636510

1.385350

0.637541

2.869729

3.445030

4.628313

5.314284

4.760910

3.525575

2.846117

6.611248

1.899555

4.984630

5.283982

3.058940

1.577148

2.869772

3.381190

1.802958

6.456709

7.342440

7.031431

5.778585

4.456549

1.969282

0.098685

-1.124465

-1.100418

0.024444

1.242264

1.280011

-2.446105

-0.155816

0.115831

-1.990494

2.154925

2.229311

0.832040

-2.581130

-3.276634

-2.478885

-0.736545

-0.682735

0.813256

-0.928673

1.369661

1.800857

1.783654

1.453579

0.791699

0.444278

0.798570

1.455602

1.809096

-0.283155

2.259002

0.453099

0.539375

1.695465

-1.710948

2.896184

1.343867

1.486943

-1.198166

0.340282

-0.554299



Int2¢’

C

C

C

C

-5.021305

-3.689077

-3.068966

-3.643237

-4.974657

-5.662040

-2.875551

-2.783047

-5.538171

-2.035577

-5.454650

-6.699597

-3.450414

-1.968195

-2.560105

-2.494514

-1.858350

-3.316592

5.482808

6.460057

6.073557

4.721548

-1.218347

-1.156287

0.045229

1.196532

1.154739

-0.057431

-2.327519

2.422145

-2.170278

0.084854

2.064212

-0.098731

-3.251093

-2.390286

-2.196558

2.690786

2.223790

3.263185

-1.160973

-0.366696

0.734388

1.032131

0.049530

0.449186

0.411575

-0.007071

-0.412450

-0.380593

0.904187

-0.012241

0.071117

0.683134

-0.753433

-0.697781

0.825571

0.295050

1.944954

1.009866

-0.565505

-0.456981

-0.746349

-0.146240

0.622186

0.784643
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H

H

H

H

H

H

3.735034

4.128599

2.271819

1.437918

0.075171

-0.617718

-0.173722

-0.587570

5.774364

7.513140

6.825943

4.427336

3.358388

2.077861

2.066739

Int2d’

C

C

3.115139

4.184854

4.069870

2.908394

1.834196

1.949639

0.241399

-0.859313

0.598448

-0.406979

-0.101059

-1.199273

1.048397

0.189515

-2.021009

-0.602642

1.358402

1.888722

-1.469403

1.559202

0.764325

-3.034844

-3.103225

-2.483181

-1.780925

-1.695039

-2.343246

0.180924

-0.584547

0.352813

-0.162959

-0.360998

-0.882801

-1.134808

0.956266

-1.343792

-0.272532

1.097398

1.388445

-1.042259

-0.151525

1.424133

0.904841

0.007339

-1.240980

-1.571019

-0.673379

0.563382



C

0.574765

-0.152703

3.181092

5.084904

4.881841

2.828403

1.108455

-0.024428

-1.570212

-2.167236

-3.358826

-1.564224

-3.259479

-2.515150

-2.336356

-3.585161

-4.210430

-1.464705

-1.202339

-1.522571

-1.029676

-2.090424

-3.896240

-0.933067

-0.562221

-3.541088

-3.654408

-2.555210

-1.297953

-2.293651

-1.567847

-0.004730

0.134513

0.833690

-0.504420

0.287961

-1.079963

-2.464615

-0.703187

-3.005899

1.455829

1.521742

2.701195

3.938345

-1.047639

0.079315

1.864974

0.265368

-1.960641

-2.542825

1.245527

-1.724481

-0.092973

1.428196

1.705349

2.528066

4.063305

-0.900891

-0.712694

-1.732843

-2.142906

-0.876250

-2.262446

-0.216868

-2.242416

-0.433586 3.822412

0.917494 2.990973
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N

C

C

H

-4.422884

-3.157841

-0.981275

-1.312389

1.532498

2.393705

3.624417

4.088218

3.239873

1.951829

2.061887

5.472499

0.530147

4.211995

3.579637

1.262027

0.875413

0.979329

2.426893

2.513738

5.540076

6.215770

5.725020

-1.641608 -2.342335
-3.414676 -1.320912
2.726362 -2.936065
3.919016 -0.874241
1.823071 0.874881
0.992013 1.578782
0.768622 1.049724
1.300914 -0.114927
2.145941 -0.809326
2.397255 -0.322707
0.354475 2.889387
0.919264 -0.543104
1.985142 1.244994
0.085641 1.518398
2.584017 -1.740274
3.026604 -0.877439
-0.059120 -1.656658
0.251953 2.983603

0.975178 3.716722

-0.637675 2.973521

-0.164383

-0.686969

1.216506 0.205357

1.407521 -1.485026



H -0.673668
H -1.594557
H -3.675957
H -4.818127
H -3.885427
H -3.770676
H -5.240830
H -4.856436
H -2.981769
H -1.531457
H -1.191955
H -0.784942
H -0.873523
H -1.382017
H -1.758170
TSa’

C -3.421450
C -4.037518
C -3.797765
C -2.955201
C -2.331569
C -2.575285

-1.100579

-0.952612

0.348591

1.470575

1.322478

0.353537

-1.306243

-3.740168

-4.474852

-2.802123

0.598962

2.721038

4.880373

4.853288

2.721983

-3.411896

-4.416041

-4.505245

-3.584269

-2.574594

-2.493105

2.349295

4.640980

5.065550

3.157026

0.888434

-1.911767

-2.976574

-2.617764

-1.150577

-0.062721

-2.837318

-4.006214

-2.762283

-0.320510

0.844785

-2.495762

-1.741201

-0.367711

0.252680

-0.499685

-1.881673
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C

H

C

H

C

C

C

C

H

-1.479082

-0.750560

-3.591178

-4.686230

-4.255984

-2.756925

-2.076278

-1.082158

0.535291

0.444271

1.362527

-0.547697

1.287638

2.149129

-0.644495

-1.269501

0.273296

0.199676

1.810051

1.668435

3.120897

2.768731

0.679293

-1.580898

-0.788739

-3.357203

-5.139180

-5.298271

-3.659969

-1.722997

-1.873171

-0.017906

1.432229

2.462371

1.720941

3.706987

2.303583

2.973880

0.954092

3.979334

4.951886

-0.869527

-1.869998

-0.594329

-2.560500

-2.116966

0.180481

-0.561298

-3.566980

-2.226832

0.215711

1.318417

-2.458766

1.160145

-0.097202

-0.843007

-0.568809

-1.788572

-1.196196

0.162262

-2.404482

-2.044978

2.116780

2.587347

-0.658478

-1.631853

-0.230575

-2.148950

-2.001396



4.225960

3.293800

4.058526

4.912746

0.506459

1.103777

-0.222808

0.974134

1.681963

-0.375638

-0.684640

0.225693

0.111852

-1.808799

2.544695

-1.265704

2.330765

5.612879

1.681512

-1.126380

-1.657813

2.203949

-2.580463

-1.275316

0.157447

-2.268016

-2.801782

0.125424

-0.815724

1.154042

-0.739111

-1.631291

1.226538

1.921802

0.280657

0.334825

3.238683

-3.670729

2.291365

4.756173

-0.897850

-1.744762

2421816

4.346623

-4.830209

2.000987

-0.746242

0.533594

-1.711648

-2.109348

1.534133

2.391720

2.153239

3.782562

1.968613

3.540703

1.539106

4.369064

5.444496

-3.311656

-3.138349

4.116940

-0.916680

-0.300049

4.652178

5.451385

-4.060602

-2.523016

3.886342

H

-2.964226

3.646696

1.539932

-2.053541

-1.042578

6.119501

2.830721

1.672672

5.633954

3.377753

2.976172

6.478116

1.833132

1.107397

-3.860844

-4.920982

-5.764479

-5.637765

-4.586861

-3.538099

-5.286691

-6.702705

-3.235795

3.408311

-3.929395

-3.384275

2.205324

3.499020

0.114907

4.652115

-2.978151

-0.485757

4.659082

-1.413662

-1.932059

6.007702

-1.849474

0.663699

0.268685

-0.713770

-1.260239

-0.886746

-0.012039

0.854706

-2.233425

1.471345

-2.592260

-3.876664

-3.999537

-4.151445

3.559273

-1.042400

0.334110

4.096143

0.987582

-1.768478

4.851265

-0.408073

-1.051197

5.872983

-0.252537

-1.010722

-0.528631

0.729859

1.510784

1.000399

-2.343011

1.140342

-0.611757



-6.549880

-4.513919

-3.014699

-2.526834

-4.580293

-6.292247

-5.278298

-6.649572

-7.704733

-6.574603

TSb’

C

3.737183

4.460297

4.172297

3.167255

2.430940

2.728312

1.386849

0.632722

3.953478

5.236040

4.723442

-0.992980

-1.284262

0.587367

-0.787706

1.632654

1.291317

0.080786

-3.139067

-1.804740

-2.526001

2.802142

3.584088

3.515715

2.665190

1.888014

1.955478

0.967508

0.390716

2.866117

4.254862

4.130629

-1.099004

2.516438

1.747820

0.723128

-2.630688

-2.319473

-3.119954

0.524102

1.024782

2.183290

-1.523254

-0.615877

0.749608

1.206520

0.298624

-1.072615

0.788605

-0.102937

-2.585751

-0.973745

1.454729

H

H

H

F

109

2.934380 2.618347

2.149197

0.954234

-0.873902

-1.010621

-2.025548

-0.156960

-1.254192

-1.613754

-1.386186

-2.437017

-2.706607

-1.314026

-2.321164

-0.674505

-1.961920

-0.246778

-2.161913

-2.979058

-1.899511

-2.649151

-0.957243

-1.352648

1.348747

1.186010

0.020592

-1.429472

-2.341473

-1.850677

-3.980316

1.242123

2.572384

1.093084

3.468096

-0.114597

0.606026

-1.050713

-0.502428

-3.096537

-3.590227

2.168091

3.673821

0.432149

-1.255388

-5.180824

2.267392

-1.759710

1.770837

-0.018327

-0.784967

-0.479789

-1.807480

-2.060523

-0.840678

-0.474138

-1.959311

-2.262266

1.566395

2.216001

2.383016

4.327242

-2.425259

-1.082053

-2.667055

-1.146930

3.561578

3.728964

-2.645167



F

F

F

C

C

N

C

C

C

C

C

H

0.650969

0.834870

-2.963259

-3.155250

-2.767962

-3.758535

-3.215466

-1.634442

-0.636139

-3.062489

-3.624277

-2.259617

-0.277235

0.303385

2.968796

3.926394

5.090355

5.359957

4.421816

3.097361

3.853607

6.699812

2.072876

-3.451723

-1.054620

-2.033567

-4.417180

-0.126262

1.952661

4.510159

4.922165

2.846213

1.518382

1.160579

-0.674382

-2.165608

-1.840757

-1.780878

-1.704581

-1.004303

-0.426071

-0.486162

-1.047110

-2.372536

0.234022

-2.357142

-3.367028

-2.276288

0.440944

-0.725768

-2.432684

-3.737340

-2.931183

-0.731772

0.622324

1.560985

4.122289

5.620232

4.444409

1.862311

0.119156

-0.843616

-0.580900

0.640073

1.624275

1.376142

-2.185942

0.782221

-0.066695

5.794815

4.657385

2.594397

2.287781

2.852294

4.564590

4.099833

6.746841

7.512739

6.875451

TSc¢’

B

F

F

110

-4.142824

-4.975149

-4.486965

-3.170922

-2.329103

-2.825612

-0.927376

-0.224724

0.993287

1.519822

1.898192

-0.958722

-0.066000

-1.497956

-0.057911

-2.751046

-3.204975

-1.662033

1.139136

-0.431631

0.525308

-0.028144

-0.550350

-0.726931

-0.388092

0.136441

0.314110

0.469266

1.104631

1.973490

1.410458

1.895728

-1.302924

2.595111

2.232969

1.259452

-2.384757

-2.251637

-2.983780

0.164719

0.470198

1.818649

1.248005

0.254724

-1.043366

-1.344134

-0.349773

0.951124

-0.669505

0.220169

-0.213414

-1.378367

0.841781



0.522794 3.244849

-4.524735

-6.002569

-5.134621

-2.790340

-2.171250

-0.665046

0.639334

1.802949

2.784102

2.660038

1.517506

0.343814

2.110452

3.819838

-0.116155

3.503504

1.437694

-0.368863

-0.393963

1.334591

2.146751

3.075718

-0.417422
0.118585 2.254061
-0.813402 0.488398
-1.124278 -1.819167
-0.522463 -2.353883
0.738957 1.704078
0.617422 -1.722685
-1.621645 1.098062
-1.013202 1.457974
-0.825465 0.512289
-1.257039 -0.792722
-1.878578 -1.181986
-1.883619 -0.307053
-0.511977 2.836230
-0.960272 -1.693915
-1.803774 1.853081
-0.147095 0.720958
-2.249259 -2.197465
-0.894494  -0.663730
-2.668398 -0.498472
-0.816985 3.540147

0.581775 2.808511

-0.885984 3.195331

111

H

4.776312

-1.229377

H 3.828078 0.113249

H 3.724401
TSd’

C -3.160740
C -3.986774
C -3.705789
C -2.607423
C -1.772811
C -2.062017
C -0.635927
O 0.179895
H -3.368456
H -4.836767
H -4.336733
H -2.383579
H -1.402824
H -0.208254
B 1.666036
C 1.960842
C 2.968696
C 1.281595

-1.499847

-2.258270

-3.070533

-3.244441

-2.604136

-1.789243

-1.617516

-1.071757

-0.417908

-2.135171

-3.576640

-3.884904

-2.745465

-0.996939

-1.553186

-0.020036

1.350862

2.256929

1.651256

-1.232710

-1.914969

-2.637697

-2.138043

-1.355370

0.002282

0.573719

-0.206862

-1.568834

0.429800

0.357745

-3.197309

-1.804028

0.611715

1.628436

-2.165238

1.319057

0.037990

-0.798547

-0.417243

-1.995661



2.577958

2.625923

2.162223

4.004811

4.375019

1.743969

2.055686

1.427811

1.710515

1.577354

3.276133

4.867622

3.015422

2.037624

1.409373

-1.66527

-2.60634

-3.88618

-4.282296

-3.364142

-1.963483

-2.368331

-5.723457

3.666677

-1.221491

-2.275720

-1.217830

-3.240848

0.154645

-0.930690

1.365322

0.386658

2.784090

3.393208

-2.203425

-3.271371

-0.826029

1.488282

1.886425

2.151746

1.660797

0.953986

0.679015

1.012940

2.996337

0.539246

-2.346422

-0.514961

-1.320382

-0.225759

-1.499829

1.668150

2.512051

2.317538

4.513327

-2.758730

-1.170042

-0.704250

-1.806081

3.905821

3.709969

0.314872

-0.633945

-0.467355

0.646582

1.615337

1.435516

-1.851280

0.695755

H

H

H

H

H

H

H

H

H

H

H

H

H
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-0.666854

-4.574852

-3.686357

-1.358064

-1.340759

-1.304077

-2.912618

-2.705541

-5.926628

-6.394189

-5.968431

3.527755

4.062358

2.814435

1.037237

0.509299

1.213994

1.171942

1.702109

2.286925

2.333874

4.414169

5.925790

2.283031

1.867386

0.154356

1.151880

-0.140957

3.208719

3.946467

2.479488

-0.231134

1.384910

0.123875

2.073532

4.066160

4.548107

2.970722

0.970268

2.245841

2.446324

0.476295

-1.690253

-1.880206

-0.422718

-2.163897

0.188590

-1.176856

2.507190

2.332272

1.102877

-1.961472

-1.788073

-2.757619

-0.057856

0.504664

1.674224

0.497104

-0.835874

-2.936727

-3.685105

-2.342872

1.716377

4.167300

5.596515

4.517079

2.061808

0.393658

-0.456042



H

H

H

5.042822

2.615364

1.108287

Hantzsch ester 2a

C

C

C

O

O

C

C

1.054445

0.779487

-0.406449

-1.518993

-1.322637

0.107771

1.618243

-2.828488

-2.463525

-2.415193

-3.405161

-1.743837

-2.736345

2.199001

2.750821

2.639199

2.928802

4.339782

-4.012130 -1.874865
-4.071137 -2.425598
-2.320693  -1.580697
-0.610820 0.116564

-1.929665 0.312445
-2.445208 -0.197937
-1.636861 -0.454643

-0.307541 -0.622336

0.201641

-2.932208

-2.373014

0.621800

1.839455

0.389763

2.039324

2.635363

0.023394

1.139321

-0.341177

1.238354

1.738147

-0.754178

1.054603

-0.452075

-0.840696

-0.224849

-1.571997

1.035920

2.021566

0.809728

0.235920

1.882933

-1.191205

-1.455868

113

H

H

H

H

-0.596910

0.392722

0.171460

2.643634

1.215012

1.610485

-3.010842

-3.652565

-2.804327

-1.343097

-0.905720

-2.237234

-3.154705

-3.560729

2.767762

2.188760

4.499053

4.502790

5.080037

-3.416177 0.004117

0.144318

1.259395

-2.591025

-1.817333

-0.491444

1.173394

-3.100889 2.059666
-3.890965 0.522017
-2.841458 0.523175
-1.708831 -0.700977
-3.172791 -1.202554

1.090891 1.406779

2.725025

2.849517

3.566958

1.941720

0.260906

1.936942

1.861706

2.703444

1.031400

Hantzsch pyridine 5

C

C

-1.211450

-1.166169

-0.653643

-1.867506

0.868359

2.972367

1.631344

2.209780

-1.658312

-1.597235

-2.532251

-0.969086

-1.071267

0.272104

-0.448188



H

H

H

-0.000006

1.166161

1.211453

0.000004

-2.407684

2.407668

2.512900

2.739090

3.343087

2.113913

3.155628

-2.512887

-2.739090

-3.343052

-2.113929

-3.155630

0.000007

-3.153734

-2.883546

-2.132741

2.132711

3.153720

2.883534

-2.423464

-1.867508

-0.653642

-0.052417

-2.616253

-2.616255

-0.807521

-0.448203

0.272087

0.616891

-0.856391

-0.856431

-0.099806 0.774010

1.237274 0.668505

-0.791564 1.316480
2.058603 -0.340236
3.040670 -0.848275

-0.099803 0.774052

1.237271 0.668516
-0.791555 1.316564
2.058570 -0.340264
3.040682 -0.848243
0.865022 1.197277
-1.957513 -1.310961

-3.064143  0.020905

-3.401535 -1.560958
-3.401523 -1.561009
-1.957513 -1.310995

-3.064163 0.020853

114

H

H

H

H

H

H

H

1.268578

1.727576

2.708604

3.991704

3.546482

-1.727672

-1.268542

-2.708625

-3.546401

-3.991762

Int2a

C

H

1.039064

1.443422

1.365044

0.912042

0.515351

0.571009

0.013936

-0.211094

1.052088

1.789227

1.653437

2.590539

1.433817

3.709390

2.511734

3.646572

1.433761

2.590465

3.709374

3.646610

2.511781

-0.584000

-1.801798

-2.964995

-2.904049

-1.687103

-0.530546

-1.643007

-0.337683

0.318530

-1.848482

-3.920961

0.111909

-1.151119

-1.590938

-1.313307

-0.026782

-1.151167

0.111827

-1.590941

-0.026729

-1.313214

5.356003

5.910782

5.138705

3.819842

3.247721

4.036726

1.814154

1.381249

5.962110

6.939068

5.566802



H

H

0.853173

-3.816058

3.229295

0.211679 0.397278 3.605609

-0.901436

-1.063098

-1.153776

-1.748322

-0.690421

-1.875110

-2.120748

-0.807649

-0.238549

-1.403887

-1.496746

-2.603451

-3.111623

-3.510320

-4.435813

-2.452596

-4.838645

-3.186200

-5.313434

-6.340837

-0.352047

-2.257218

-0.138829

1.479814

2.020259

2.402335

3.396998

1.354091

3.784323

2.025849

4.295871

5.364519

-0.655939

-0.663545

-1.002549

-1.006333

-0.391741

-1.344151

-1.004384

-1.351707

-1.617867

-0.882233

1.760290

0.152715

-0.097067

-1.251675

0.850195

-1.448588

-2.024224

0.660161

1.760664

-0.490467

-0.641057

0.430139

1.740098

-0.585818

2.024641

2.558983

-0.312744

-1.622200

0.997818

1.212809

-1.146562
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C

F

-0.660151

0.651452

-0.037856

-1.428578

1.276350

0.935858

0.930083

1.385158

-0.195710

-4.927838

2.348794

-2.570890

-5.743228

-0.373272

2.554394

-0.786625

-6.039201

3.562372

1.128387

-5.237971

-3.993389

-0.221175

2.084538

-2.194826

-0.235139

-2.809928

-2.747264

-0.837066

0.777325

-2.131230

-2.590372

4.725772

-0.941581

-0.101342

3.920502

-1.775246

-4.231671

-0.592216

5.935465

-1.688431

-0.176898

4.947323

0.324413

-1.379951

4.238933

1.219052

-1.547600

-1.890059

-2.639385

-1.015929

-2.988179

-1.620841

-3.378556

-4.247753

1.652721

3.443885

-3.737126

-2.675884

-1.434295

-2.996107

-4.974234

1.669912

3.636493

-3.094543

1.371021

3.814602

4.321613

2.917097

-3.863470



-5.471091

-2.376405

0.424727

-5.614035

-3.907872

-1.642709

-7.047948

-2.131594

-0.190974

4.663944

4.200931

3.535836

3.366852

3.827733

4.418062

4.412083

2.736170

3.751866

3.584274

3.866244

3.526436

2.149125

5.593935

-1.119564

3.118398

-5.111422

-3.098360

4.017962

-4.555035

-1.562984

5.156713

-4.485221

-1.013831

-1.039752

0.052982

1.222965

1.264392

0.122176

-2.171590

2.347739

2.552439

2.325464

3.636742

3.502299

4.139665

-2.117970

-2.585443

-3.747052

-2.321398

-1.702666

-2.496412

-2.686540

-1.147214

-3.015299

-4.310276

0.973105

2.289331

2.737415

2.067601

0.748444

0.195466

3.245756

2.823674

-0.027525

-1.328991

0.503980

-2.202707

-2.182855

0.504240
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H

H

H

H

H

H

5.304023

6.618161

3.954624

3.735361

3.078039

0.750563

4.717066

4.148389

5.473823

3.812677

2.107388

3.522728

2.149845

4.302245

3.773216

2.140087

1.385915

1.897078

3.224038

3.900610

2.728231

4.460679

3.842005

-2.810950

-2.308258

-2.906348

-4.350857

-0.024673

-2.166030

0.147168

-3.125016

-2.222672

-2.054162

1.967471

2.978543

2.992229

4.198843

3.095384

4.986204

3.428422

4.511796

-2.583833

-2.226910

-4.473701

-4.653879

-5.014583

-0.593719

1.121620

-1.147925

-1.552653

3.648004

1.171891

-0.847007

2.782259

3.505414

4.149729

3.631254

3.252740

2.173627

-1.877685

-3.182699

-2.877160

-2.506234

-1.187989

-0.400272

-1.999249

-1.957209

-2.311953

-0.689994



Int2b

0.099923

-0.472219

-0.651442

-0.278020

0.290487

0.487442

0.727728

0.874164

0.265738

-0.765452

-1.081724

-0.415792

0.987471

1.668850

1.576699

1.623265

1.316530

2.093627

1.857754

3.181714

3.960689

3.908070

-3.620488

-4.876535

-5.352557

-4.566066

3.295903

2.836011

2.466415

1.119676

3.253909

-5.486511

-6.336319

-4.944496

-1.884577

-2.884588

-0.201114

1.286813

2.524333

1.375956

3.766415

-0.550689

-1.402032

0.174701

-3.936726

-3.737302

-2.434845

-1.344636

-1.534121

-2.844238

-0.342302

-0.705336

-4.945946

-4.586436

-2.269529

-0.333680

-2.986522

0.041984

0.229041

-0.519059

0.051439

-1.835374

-1.942012

0.471199

-0.313893

1.420596

117

6.004468

0.672513

1.000945

-0.613506

-1.094851

2.212091

1.403721

5.278481

5.338580

0.158984

-1.474962

1.949714

2.659960

2.455014

0.871316

1.022952

3.261871

5.906555

7.327127

6.025202

3.410817

2.178513

0.542007

-0.823727

-0.221584

-0.877378

0.314580

0.821399

1.637874

2.827168

1.640573

-0.353549 3.894397

2.566409

3.738205

0.056310

-1.558073

-0.949201

0.297253

4.923501

2.565327

0.260168

2.621736

4.880897

1.064476

0.781571

-0.958780

-2.407756

-2.154412

-1.516029

-1.604223

-2.550431

-0.629398

1.619423

-0.151288

3.941943

2.727523

-2.608851

-3.815906

-2.510372

1.324185

-0.027510

2.210431

2.558531

0.989850

-0.932737

-1.295789

2.964119

5.046569



F

-1.936419

-2.692095

-1.101487

-4.574542

-3.557865

-2.491220

-2.342854

-3.356841

_4.449648

-3.578424

-1.113594

-3.319031

-3.518585

-3.172572

-3.341286

-2.506990

-5.848684

-6.346898

-6.440148

-5.501655

-5.081849

-1.707124

-0.011985

-0.414768

0.896122

0.931221

-0.770072

-1.621182

-1.050570

0.267925

1.133748

0.603690

-3.111499

0.648734

2.589831

3.541047

2.865625

3.345868

4.492858

-1.357093

-0.842042

-2.218446

-0.270808

-1.337044

-1.662358

-2.590127

4.939015

2.658437

0.523430

-0.648064

-1.086499

-1.702111

-1.992773

-1.567461

-0.880879

-0.951998

-2.744670

-1.983305

-1.066175

-3.151835

0.369283

0.908943

-0.076253

1.057299

-0.684718

2.096223

3.093330

-1.956326

0.470354

118

-5.240630

-3.816469

-4.372285

-2.623129

-0.259423

-1.246573

-0.921537

-4.342841

-2.858840

-2.453573

-1.486693

-2.959098

-4.628516

-6.125507

_4.454485

-5.951536

-4.493408

Int2c

5.226121

5.722668

5.208867

4.198378

1.268971

-3.403948

-3.516407

-3.556527

0.091271

0.410659

1.716516

3.343895

2.389543

4.410877

4.467867

5.455086

0.212620

0.492951

-0.885492

-1.802162

-2.121140

-0.547415

0.074108

-1.586098

-1.234210

-2.351393

-3.806580

-2.673274

0.812554

0.566030

1.999157

0.519526

0.655704

1.659774

2.564862

3.867117

3.563390

2.605195

0.112880 0.580825

0.549807

0.015780

-0.947762

-0.650605

-1.832513

-1.779506



3.691849

4.219732

2.576930

1.311838

0.905207

-0.427733

0.933090

1.754073

5.629247

6.509774

5.595634

3.804890

3.829741

2.813511

-2.717809

-1.590560

-0.370890

-0.148938

-1.257948

-2.536080

-1.620256

1.281342

-1.117979

-1.388928

-0.850635

-2.412936

-1.844917

-1.673247

-2.123203

-0.290582

-2.381937

0.520223

1.297506

0.344179

-1.368010

-1.193990

-3.190829

0.011391

-0.801390

-0.221752

1.090371

1.928231

1.382272

-2.277169

1.534293

3.411660

-0.551707

0.631669

-0.493665

-0.145762

1.295482

1.385445

1.599404

2.123907

1.503752

-0.687166

-2.793187

-2.702819

1.584709

0.237100

-1.032147

-1.181418

-1.111011

-0.873175

-0.719020

-0.842951

-1.448568

-0.818713

-0.475433
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H

H

H

H

H

H

H

H

H

H

H

H

-0.495608

-1.538628

-0.415262

0.379750

-4.122200

-4.505007

-4.876141

-3.854379

-4.565302

0.472213

2.462605

-3.403465

-1.056299

-2.642032

-1.146440

1.796794

1.356958

1.785327

-1.436138

0.058278

0.445478

1.394917

-0.096910

3.811422

4.216707

2.956731

0.650732

-1.271495

1.831553

3.720213 2.871653

-0.535572

-1.449749

-0.175047

-1.554814

-2.659747

0.905240

2.888854

2.031813

-2.790891

-2.653530

-2.491063

1.272971

2.610304

1.012326

2.761736

1.999944

3.126027

3.915457

4.675708

-1.123182

-0.210527

-1.995187

1.092919

1.848161

-0.940168

-1.474636

-0.774055

-0.666017

-1.474397

-2.412141

-1.747669

-0.667751

-0.000776

2.178724

1.600206

3.787673

2.515761

3.105153



-2.789109

-3.961640

-4.122904

-5.630088

-4.460200

Int2d

2.315131

3.275802

3.149478

2.068864

1.101305

1.246202

-0.110458

-0.560534

2.389279

4.100940

3.878348

1.958408

0.514960

-0.903694

-1.971668

-2.284977

-1.773306

-0.592554

-2.762660

-2.438094

-3.614553

0.821141

-0.147430

-1.429511

-1.732838

-0.768109

0.518794

-1.141833

-0.086106

1.815440

0.088640

-2.198412

-2.743394

1.277710

-1.464727

-0.245371

1.149581

0.989527

1.605797

2.843201

1.956884

1.326010

3.829611

4.136167

3.596518

2.763517

2.445806

2.983105

1.611855

0.808283

4.263222

4.802554

3.840882

2.374274

2.728737

2.306940

0.205475

-0.601793
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C

C

C

C

C

H

H

H

H

H

H

-3.103613

-1.867478

-3.034032

-3.099923

-2.863674

-4.398455

-5.116367

-1.992415

-2.372785

-1.567370

-1.944952

-2.231980

-3.469800

-5.390787

-3.843231

-2.354508

-1.544788

-1.885967

-3.613277

-5.884255

-6.380780

-4.643519

-1.271675

1.225527

2.384184

3.647507

-0.313846

0.229535

-0.810478

-0.250514

-1.591173

-2.860265

-1.565930

-3.938458

3.610953

2.443403

-0.782587

0.259949

-4.011054

-2.704624

0.652214

0.686738

-0.228872

-1.176281

-1.227010

-0.618615

-1.747688

-0.065219

-1.769143

1.405825

2.682550

1.180406

3.423300

-0.757541

-0.270488

-2.102197

-2.398295

-0.626565

-2.326750

2.162121

3.678035

-1.064542

-2.914531

2901715

4.652102

4.192455

1.942086

0.205996

-2.546458



-1.213245

-1.944787

-2.671334

-2.717600

-3.479311

-4.106043

-3.329173

-1.889302

-1.264540

2.218989

3.432132

3.871089

3.266529

2.039156

1.491940

4.358389

3.992109

1.377780

0.932863

1.362285

0.740220

0.606269

1.801009

-2.624549

-4.826120

-4.963293

-2.944323

0.308365

2.452002

4.597770

4.535813

2.382127

-0.542973

-0.712121

0.318570

1.520304

1.710420

0.648410

-1.889799

2.529023

3.060732

3.745022

3.568712

3.218130

4.410395

-1.420562

-3.946689

-3.026034

-0.644423

0.756776

-2.193038

-3.209086

-2.207495

-0.169232

0.838335

-1.216374

-0.566981

0.211716

0.368007

-0.274168

-1.001964

-0.657474

1.204676

-0.084858

-1.139831

1.016392

-2.479882

-3.406169

-2.383022

O

O

C

H

H

H

H

H

H

H
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1.828661

1.581539

1.399191

1.663374

4.736622

0.132874

0.525769

4.354576

4.055415

5.384266

5.024429

3.997043

3.475887

1.589793

-0.177343

0.446645

-0.251005

1.506913

1.946431

0.335347

1.324827

1.108699

2.727923

-2.755951

-0.872424

-3.435868

-4.913695

0.174545

-2.037846

0.754221

-2.442179

-2.566432

-1.560121

2.216998

3.506606

2.649016

2.587349

2.624235

4.058811

5.019831

5.030531

-3.038883

-3.236500

-5.463432

-5.282062

-5.118984

-2.279963

-3.438679

-1.062214

-1.260584

0.720809

1.018251

-1.475435

0.289557

-1.454062

-0.853007

1.387097

0.719108

2.158521

-2.762002

-2.475858

-4.429775

-3.112257

-3.385813

-0.201675

-0.929563

-0.377436

-2.126322

-1.411103



TSa

C

B

C

C

C

C

H

C

H

-1.999008

-2.631279

-2.722362

-2.191075

-1.562055

-1.472359

-1.028927

-0.172543

-1.902106

-3.030600

-3.186979

-2.232036

-0.987740

-0.832201

1.026622

1.531176

2.211168

1.368674

2.703717

2.368050

1.846542

0.854031

-1.591421

-2.838060

-3.566504

-3.043627

-1.787064

-1.059664

-1.225289

-0.228784

-1.038543

-3.252474

-4.547922

-3.625513

-0.089965

-1.971662

-0.004941

1.518833

2.267667

2.122562

3.549460

1.851926

3.406409

1.585634

-4.608311

-4.598793

-3.408717

-2.232321

-2.233580

-3.431576

-0.961973

-1.057218

-5.538256

-5.519892

-3.404406

-1.315127

-3.425087

-0.180653

-0.071122

-0.350695

0.622391

-1.607897

0.357856

1.613361

-1.876341

-2.394703
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H

C

2.521516

2.906665

2.210250

2.146749

3.395797

3.191305

1.276402

4.442656

3.511037

4.346971

5.155273

0.482506

0.794099

-0.394004

0.271585

1.458807

-0.936492

-0.651618

-0.599608

-1.016110

1.577224

3.025216

-1.970248

4.131605

5.121780

-1.056886

-1.883011

-1.126653

-2.748104

-1.848485

-1.984030

-0.499162

-2.809556

-3.480206

-0.200547

-1.302277

0.752991

-1.443701

-2.072875

0.607360

1.632790

-0.894848

-1.105024

-0.482281

-1.613086

0.274136

-1.960076

-2.258584

-0.065823

1.152787

-1.187748

-1.451467

1.464755

2.278384

2.016730

3.570424

1.901403

3.296257

1.433073

-0.489529 4.090832

-0.601695 5.084073

4.036361

-3.658881

1.586003

-3.215390

-3.144849

3.773029



3.372622

5.711962

0.663459

-2.128938

2.507738

4.205077

-3.196030

0.376495

2.416461

2.256430

1.567558

-1.692577

5.483373

2.467872

0.739316

6.331926

4.099431

1.867184

6.600411

4.329104

-1.979408

-2.635767

1.577226

4.968025

-4.135569

1.291310

4.660936

-3.034669

-4.736506

3.123379

2.854155

-1.674767

4.964530

-3.760688

-3.182138

3.532642

-2.476466

-1.070971

1.455785

0.743331

4.402389

5.107907

-3.533352

-3.597880

3.231756

-3.248133

-4.180036

-2.842862

-4.214129

3.397536

2.040360

2.242414

3.647888

0.713867

2.272436

4.988527

0.277577

4.203898 5.280202 0.973495

-0.232551

-4.465611

-5.274693

-2.878701

-0.828050

-1.100644

5.388633

-0.017738

-1.097769

N

C

C

O

O

C

C

H

H

H

H
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-5.027722

-4.159358

-3.357807

-3.318646

-6.466796

-4.252978

-2.429424

-2.348560

-1.748725

-3.517286

-3.329150

-4.944917

-4.077356

-6.108781

-2.865816

-2.652915

-5.595855

-2.172113

-2.890210

-6.455682

-7.391674

-6.490114

-5.286528

-0.448374

0.607401

0.938200

0.053751

-2.013982

1.317878

2.118606

2.935932

2.329109

3.230014

4.626948

-1.250965

-1.736444

-1.099513

-2.427863

-3.576679

-0.694766

-0.733701

0.466761

-2.707746

-1.432441

-2.584531

1.624784

-2.277449

-2.422181

-1.354910

-0.195084

-1.114303

-3.740859

-1.450448

-0.378993

-2.430193

0.440497

0.999778

1.349291

2.251667

1.654859

1.861912

2.830615

-3.077518

-0.463340

0.715388

-0.276827

-1.040716

-2.049534

-3.937327



H -3.598667
H -3.941390
H -4.416629
H -3.595373
H -4.192180
H -2.434060
H -3.233043
H -2.973343
H -2.034186
H -1.715842
H -2.581586
H -3.475689
TSb

C -1.410685
C -2.256142
C -2.596221
C -2.111284
C -1.275994
C -0.920788
C -0.800077
O 0.145956

H -1.120080

2.184784

0.637587

3.164348

2.500284

4.892162

4.668966

5.360212

-2.792260

-1.722141

-4.089546

-3.206420

-4.294336

-3.264900

-4.270500

-4.308440

-3.329519

-2.309207

-2.285730

-1.225972

-0.450485

-3.255626

-3.773526

-4.541587

-0.180605

1.248579

1.618478

1.623777

0.195258

0.834856

1.904604

2.596145

3.855719

2.774625

-3.100787

-2.620482

-1.265044

-0.398938

-0.880083

-2.238591

0.028463

-0.453182

-4.147417

124

-2.624706

-3.222960

-2.354639

-0.250741

-0.734805

1.484936

1.758489

2.058848

1.679362

2.122391

2.587460

2.355343

3.797598

4.378754

1.312755

2.226315

0.221476

0.927246

1.845188

2.235059

4.679870

3.199534

2.055656

-5.039215

-5.108596

-3.375442

-1.506866

-1.500720

0.037329

1.447911

2.676817

1.486022

3.839979

-1.136769

-2.471087

-0.929681

-3.268759

0.232234

-0.195311

0.919006

0.674457

2.637527

3.857397

-1.957097

-3.529287

0.010205

-3.293715

-0.882337

0.659286

-2.586685

1.088076

0.181608

-0.610979

-0.021269

-2.007238

-2.126319

-0.194607

0.148072

-0.863241

-0.856799

1.810008

2.779257

2.339518

4.615941

-2.766967

-0.742373

-1.201057

-0.167074

4.150008



-0.001562

2.282364

1.741660

1.455248

2.208373

2.510784

4.204198

5.821030

5.213949

2.895953

1.248864

3.362154

2.969563

0.737057

-1.116916

-0.725545

-4.239869

-4.783576

-4.267413

-3.374101

-2.816458

-3.048463

-5.935199

1.141026

4.966148

2.599913

0.349241

2.794632

5.009107

0.306884

-1.685903

-4.266051

-4.785622

-2.801066

-0.830237

-0.435332

0.864434

1.771986

1.431102

-0.497622

-1.191919

-0.966845

0.024752

0.754000

0.307541

-2.154106

3.692258

-2.834966

-4.102862

-2.706579

1.318757

-0.107550

-1.212507

-1.851514

-1.174559

0.197220

0.866824

2.436171

5.022130

5.926597

4.108096

1.499326

0.070197

-0.992037

-2.239237

-2.561202

-1.530163

-0.162956

-0.953634

125

O

O

H

H

H

H

H

H

H

-3.139576

-1.874009

-1.705059

-1.238570

-2.734383

-2.766817

-5.028416

-4.411679

-6.240453

-3.089128

-3.048029

-4.620542

-1.915975

-2.785866

-6.073753

-6.866900

-5.762165

-3.894424

-3.160107

-2.145329

-3.704364

-2.469517

-3.500173

0.217506

1.869849

2.889705

1.862964

3.402222

4.913221

-0.434571

-0.189826

-0.506590

-0.690883

-0.962065

-1.533851

-0.509110

1.005632

-2.575293

-1.644293

-2.965336

-0.315817

1.274885

-0.143170

2.961797

3.121718

5.339583

-4.031450

-1.871470

-1.004731

-2.905180

-0.126418

-0.278615

1.348134

2.521267

1.325562

2.835664

4.327887

-2.998792

0.081154

0.621857

0.039071

-1.218482

-1.669370

-4.617357

-4.297374

-4.303946

-0.380031

0.897364

0.413344



H -1.786837
-3.040927
-2.901615
-2.350206
-2.062811

-3.219969

-3.806965

TSc

C 4.066454

C 4.619968

C 3.791901

C 2.416881

C 1.855063

C 2.688693

C 0.381278

O -0.082135

B -1.563582

F -1.950114

F -2.264883

F -1.727262

4.709670

5.694074

5.340217 -0.052341

5.197687 -1.298028
-1.603780 2.260929
0.062064 2.562869
-1.349976 4.604091

-0.039214 4.886262

-1.694776

-1.299336

-0.189132

0.706672

0.490491

-0.621618

-1.516771

-0.816072

-2.004192

-2.284731

-1.614238

-1.712210

-3.633947

-2.003673

-0.028015

4.613351

-0.878177

-1.521788

-2.205767

-2.240891

-1.592359

-0.906646

-1.624823

-1.277140

-1.519141

-2.684402

-0.416317

-1.580625

-0.358696

-1.502128

H

H

H

H

126

4.220876

1.772641

2.247226

-0.123921

-0.508119

0.619998

1.661076

1.605603

0.485277

-0.472922

0.836527

2.800055

0.398450

-0.766096

1.389313

-1.966446

-2.663663

-1.761053

22724444

-1.939168

-2.500192

-3.490031

2.497454

1.560605 -2.721943

1.175523  -2.787339
-2.369896 -0.405767
-0.342866 -2.476607
1.973337 0.444924

2.677434 0.812125

1.979533

0.672285

-0.061354

0.521091

4.161261

0.212262

-1.486634

1.368800

1.793021

1.472856

0.543079

0.719137

2.576710

1.959433

-1.985947 2.392952

-2.190557

-1.221921

2.003570

2.658787

-1.875059 3.838791

2.756982

2.261104

3.832798

1.282089

1.561107

2.500724

0.145787

-0.642425

0.686405

-1.695924

-2.809315

1.596278



TSd

C

-0.010340

-1.410984

0.258618

0.507991

1.899520

3.262779

2.532929

3.536304

-1.708117

-2.586027

-3.602995

-2.891480

-2.039094

-1.471995

-2.651578

-3.376913

-4.514104

-3.323911

0.021584

-0.011539

4.600544

4.651034

4.378364

1.051572

-0.566292

-0.226838

-0.181493

-1.263162

-1.352880

-2.920214

-1.839510

1.376884

0.280715

0.786399

1.521662

2.542908

1.451152  3.159522

C 2.293497 4.063289

C 2.370683 4.056465

-0.700774

0.431220

-0.091185

1.640759

0.565028

3.106458

3.288448

1.895229

2.884222

1.761388

4.046430

3.615478

4.735832

-2.057342

-1.296224

-3.572909

-2.428837

-3.261469

-2.891667

-2.237332

-0.841512
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C

C

C

C

O

H

H

H

C

1.617256

0.779283

0.701740

0.011492

-0.958155

1.366587

2.868324

3.001009

1.654744

0.047346

-0.208483

-2.286752

-3.043328

-3.968813

-2.872897

-4.488994

-3.188842

-2.860068

-4.407868

-4.865891

-1.875985

-2.089499

-1.283801

3.141470

2.223009

2.237332

1.210316

0.577329

3.183770

4.785603

4.776158

3.158501

1.527052

1.530649

0.123227

-0.859387

-1.829289

-0.732599

-2.476739

1.466724

2737774

1.378032

3.736438

-0.662090

-0.148331

-1.943150

-0.107898

-0.759902

-2.160499

0.035038

-0.598234

-3.974776

-2.809995

-0.326974

0.978629

-2.653425

1.064270

0.130660

-0.925169

-0.496220

-2.315520

-2.768088

0.381928

-0.120948

1.085565

0.795997

1.516520

2.809242

1.450820



C

C

-1.159780

-3.574645

-4.684737

-5.231107

-3.676032

-1.751189

-0.924002

-1.953429

-3.381715

-5.504386

-6.161656

-4.725013

-1.145227

-0.488976

-0.900179

-1.956009

-2.558188

-4.130860

-5.392223

-5.039600

-3.406187

-2.168986

3.197204

-2.123105

-1.526247

-2.623676

2.483885

3.855715

-0.864136

-2.661083

2.864450

4.819564

4.601480

2.368329

0.413365

-2.398072

-3.654393

-2.685519

-0.438030

0.825934

-1.975563

-3.360670

-3.095129

-1.402590

0.000798

3.863546

-3.224497

-1.394407

1.295623

0.080599

3.964780

2.594304

-0.705074

-0.329138

0.955379

1.846631

1.474737

0.472569

2.502247

4.756444

4.944277

2.916703

0.569482

-1.020737

-3.472626

-4.291886

-2.696250

-0.256976  0.768718
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C

N

C

C

C

H

H

H

H

H

H

4.155973

3.961636

2.979149

2.011934

1.976225

5.448186

3.117429

0.957488

0.559217

0.472512

1.390589

1.210485

3.568245

2.662106

4.675155

1.559812

1.386837

4.641117

0.947583

1.335212

5.428956

6.278411

5.647652

0.372223

0.438415

-0.229326

-0.888906

-0.709667

0.962417

-0.182947

-1.668403

-2.854410

-1.263726

-3.679771

-5.120981

-0.656787

-0.592491

-1.103016

0.353866

0.883310

0.951920

0.374609

-1.377649

1.144915

0.275974

1.906189

0.004152

-1.349553

-2.036781

-1.307501

0.131773

0.490520

-3.530442

-2.046521

-1.540179

-3.079939

-0.689989

-1.132919

2.175878

3.159164

2.401372

3.138913

4.549716

-1.895712

0.272668

0.701797

1.562352

0.294232

-0.029449



4.173190

2.569312

2.695676

2.437029

1.064054

1.792442

0.158481

1.546289

1.796638

0.660329

0.543139

1.173363

2.286768

-0.228842 -3.818250

-0.990717 -4.008846

0.755977 -3.904543

-3.367580 -0.768767

-3.548747 0.346436

-5.783465 -0.484293

-5.410172 -1.072109

-5.256956 -2.164407

1.163277 2.441411

-0.163561 2.802946

1.578963 4.576927

0.062938 5.238591

1.403577 4.889721
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RN L DA e XL T O ThH 5.

. BHESFRE L LT MU R[BS5-ER(RY IAF R AT )T 2=V R T
(44)% H\, NADH HifxikD U & 5T 5 Hantzsch = 27 /L 2a & /KFE L 5K L
T 52 L TAHNR=ACEWOKFACIS R EITL, ST 27 va—nzh
XD R LT BT, REMERIS S AT A3kEA RIBVIRET V7 R
FOFEEET VT & ROKEISIZR L THEITHY, HETHT L a—
VIR BAFRICR TR BT
2. ARRERR S AT DR DT VT v ROKBACAMER SR D AT 4 Ik
L7z, FEBERB L OBERF R R, ARUSHRT v 441285 DR =5
DIEMEALIZHE < Hantzsch T AT /L 2a 6 OKBBENZ LV EITLTWH Z & %
w7z, Fiz, AKFIRIRIZE T 5 P EIECEB IR O M 4 Pt A
DB E Ui, REGGIZBT 5 =3 0 F— IR 2 ER L, f#fr L& 2 A,
RT 4412 X D KFEACEE DS B(CeFs)s, BEs, 3 X UYBPhs & V72 KB L &
DL TR —CHRR S TH -T2, ZOEGRFHEORKEITIR T > 44 DA
RFEACSOS T BT 2 T A B(CeFs)3, BFs, 38X OVBPh; L0 HEW & H 5

Bt e SCRF LT

AREEALAFTETIL, A ARz T8 LOKEEROR Y AT L2 B LT,

ARARPESOG S AT L 72 & QNS ROSHEIB I BE 2 /728, KFELBUE D AH78 59
xR FRMOS ORFEICHE ST 5 2 L 2T 5.
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ARFZENE, MRARFIER T IR T BRI JE R RE 5y 1B o U R A =
TN bDOTHY, ZORITICHT- > CIHE, THifETSWE L2F
RUHR « FUERINEAIEER U R E3. RS- KEkES k4, it

(CHIRANEANIT L KA D ZHE - W HZ2THE £ L2 SIEHE L £7.
FTo, WHEAEELZ XX CIHE £ LIZAEIEE O BRI E#I L £ WhJE
REFBER TR TERHERE 5y 1B 7 B - TLRUER e AR, AL
AmOCH 2 EOBRREI RIS W T IS, CHEATHE E L2 LITEEH L L

FET. AT OB B AREL S R R 2w A T R R R R R
VA ICTCEBSETCHESELE., ZIOEHOELR LET. BRI Y
HIZ ZHRETE & £ L RIRERFBEAY: « WIS L B0 - ke 5t
A, WONCRIFFEHERH SR - )RS AEEL AARRF SRS B B3 ) 1 &
AL B E 9. PRk 24 4F 4 A7 6K 27 4R 3 A &£ T BRIt ST R R
FHEL LT RIS FERES L) Z3EA B £ Uiz, 2 2T
HL BT ET. &BIZ, EEOMREEREL XA CTIHESE LEmE, i, AR

I LD ETHFBIERHEL £
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