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Scheme 1-1. Hetero Diels-Alder Reaction Catalyzed by Eu(hfc)s.
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Scheme 2-1.
m Mukaiyama aldol reaction

0] OSiR"; Lewis acid O OSiR"s
N I N NN

M Direct aldol reaction
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Scheme 2-2.
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Scheme 2-3.
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Figure 2-3.

(.) / Hindered coordination site

Strong Coordination

Bulky and Rigid

FTHESBIZIZTHRWAINLV Y U RRBAERH Y, BIIBERTFLORMEITV
=L, FEAUVIEETHAILOTHD, TOOHFIHEERL OBV EEETHRT
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Scheme 2-4.

sml, + CY2R  PCy2 —+  sSmiDME); + C¥2R  PCy2
DME

FRT7 4 VBEFERAVESAICEREME~OERBES THEHLEZONDH, L
KEVERT7 4 VEMNFOERBIREREEOERIZIITME LHErINTZTD,
ITRYMOTFERYBERTFERE T HEMTFE AV TEN Figure 2-4.
HoOREEZERT S Z L 2% LI (Figure24, a), RIZKE
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Scheme 2-5.
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UEoZ XY, REEIESVEBREICK > TRAZASROKEIZE AL TVD
&, BEOEWEERMEIZBWT, DI REME b n tEf)ss< BT 5 Z &,
72 ZOBRNENSLERIZEEICRAR S TZRECHHZ L%, BREVEERHSL
Mme&ilaot=, ZhIZESE, KETTABELZMESUE~LERTHZ L 2RAART,

Figure 2-5.

Selected Bond Lengths (A) and Angles (deg)

Sm(1)-0O(1) 2.208(5)
Sm{1)-0(2) 2.154(6)
Sm(1)-0O(3) 2.223(6)
O(1)-Sm(1)}-0(2) 104.4(2)
O(1)-Sm(1)-O(3) 112.1(2)
O(2)-Sm(1)-O(3) 113.5(2)
N(1)-Sm(1)-N(2) 67.2(3)
O(1)-Sm(1)-N(1) 154.2(3)
O(1)-Sm(1)-N(2) 89.3(2)
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2—3 FEIEMEO S

A ABRBRBER IS & L CMichael KGO RBET 21T o 72, ARUSITEFARRA VT 4~
EREFILEDRIGEEZENTVDER, REHIE LTHLRT =F CElfiE L Hvi
BAICIIRE—RBBEEFEERSE D0, AHBREREHRLE L THINLIE
AENTELERETHD, KERILE L CahlizT e N 25T H5IAVR=NVLEDZ
FAWAEE, TEROLewisBMIEZ TIIT L F— /LIS E FRICKRERZH LM EH
)G — NT =g~ BT HEVENS LN, Traxy NENTFE2F T 54 L E
A AV EE, HEOEENRREIZ Y BEHEAMichael LB EITT 5 Z & 23BEIZH
LAILTWAY, Z 2T, B TR LY~ Y U AMDEEEZ AV CE#ERIMichael )X
DB EITo T, :

¥, BEL L Cafiicra b 2EBTHILVR=NVLEHE, o, —FREFT b
VELTRUPATE N7/ o LIOEIETHY, 10 mol% D1 %4 THFH, =R
LD RUETRIEEFT o7 (Scheme 2-6), = Z THWAMMEIE, FEHRNCBESRET T
FATERLTEY, BERT 2T R0 X T F= MU UPEMLLTWD
ZRIERW, Thbb, EESHIE SN S ZEMEEE AN TRIGEIT> T D,

Scheme 2-6.
0 0 Sm(OA"); (1) (10 mol%) w
' +
H/U\/R Ph/\\\/u\Ph THF, rt : 18 P
smorsa = sood )
3
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Table 2-1. Direct Michael Reaction Catalyzed by Sm(OAr)3 (1)

O Ph O
Rl
S e A,
R!

Michael donor

Product (%)
o O Ph O
1 4 w (93)
: Ph/U\ Ph s Ph
0
2 )j\ 4 3 (88)2
Ph
0 O Ph O
3 i'liﬂ\ e ® e
4
(1
‘ ® 24 @)
0
> )J\ ! (57)°
'Bu
O Ph O
O O
6 24 MeO Ph (85)
MeOMOMe /‘I‘V‘L
MeQO™ ~O
8
O Ph O
0O O
7 66 Ph” O Ph (55)
I /jlka
Ph 0]
9
O Ph O
O O
8 66 Ph Ph (58)
I, Q8
Et0” ~O
10
o} O Ph O ©4)
0 10 PP
PhS/u\ PhS Ph
11

a5 mol% of Sm(OAr)z was used as catalyst.
b By-product was obtained.
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Table 2- M ZREREZTRT, 7T b7/ 2RV E X ICI3BRNB CERYIS 5 2
TZ(Entry 1), L7 —F7FNE, 9—T o TNV ERQRFESVEBRELAE T A
JERERELTRHWEE LA, MEOETAR LN LODERYA, 5% ENEIT8%,
27% TH 2 7<(Entry 3, 4), —MREIRRFEREA L L THONTWSA Y VBT AT L%
RWice 25, FREDOIRBTH -7=(Entry 6-8), ZDHAICKICFHFMMAEL 2oTk
D, HBNEETHEIVYRVBTATADT ) F— hOREHIMENZ &, $ LLIT
mEWRICRAOLEREEDOEBLZTITRT VI EERLTWS, FATZ AT L% H
W ARSI RIESERE LU, A1 2 94% 4R TH 2 7= (Entry 9),

ARRIERIT & D EHEAIMichael RGO SUSHERAUZ SV T, Figure 261277 £ 5 (2%
235, Thbb, .00V <U U A&RITLewisEE & L TMichael fit 5 & 4 By X+,
Y~ oLTNaxs FOHSHBrenstedti & L LTI 6 %, afid 7o o %5
W RIZRVFATE N 72 )V DANKR=LVEBERER Y~ O LSBICEML, b
Fexy7 Y-V ERMFRBEEZ T, R&ICT/ 7— b L7257 Michaelfit 5 53
RUHFNLTE b ~REAEEIT S,

Figure 2-6.

By 0
Ph
- 0-——E‘|:m"' ----- O=§
‘- By 0 4
' & Ph
R&
Lewis Acid HO Michael Reaction

TZETORKERI, BAoREZAVWESAICLREVEIT IS EIIRLELD
D, FRMEOR®L TTRHRRAORKEYE, SEELTIERTEAENo7, % ITEntry
2THRT LI, MERZS molBE THRO Lims &, IRENBRETETLTLEL,
TN AR S T2 LA TE S, EUVMESRTON)DER I RbhsT-,
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Flo, ML LCT b= b ULDENL LR E B BE, RUSITBEE O AR
MEG52x5bDLRoTLESTE, ZHIFSEOHEE EORBEICMZL, T =1V
WRRERE L TN TLE) ZELFERO—D2THB LEEZ TS, EFEIZScheme
27TRTEIE, TR PMIAR= bu A X U REEL LT, = 9 AkE1% 1
BEAWEERTIE, ZH ¥ MichaelfTIE12, 42 HBHENETE 2T, 733,
7 b=k UERWSGEIZIEMichael SEAMEOMIZ 1, 2-H A CTH B 1303 B4 R &
LTHELATWE,

Scheme 2-7.
NC
0 Sm(OAr)3 (1) 0 CN
/\)L > + /30)4—
Ph” X" “Ph CHaCN Ph Ph PR X" "Ph
12: 18% 13: 60%
0 Sm(OAr)3 (1) O2N Uk
Ph/\\/lL Ph  CHgNO, Ph Ph
14: 98%

—7 T, Entty 5Otert-7FNVAFNT by (BFhany) 2HEE L THVWERIET
X, A TNAIME6DUNE Z Z57% EEWH D Th - 71228, BlAERY & L TBRARK
W, 24N ANDBS5- DT = v-ltert-T FNT T a~FH ) — (MR E LR
(Scheme 2-8),

Scheme 2-8.
O Ph O
1) (10 mol% ~
;ﬁ\‘ . ,»\V/ﬁl Sm(OAN; (1) (10 mol%) - /ﬁlv/ii¢ji . Ph Ph
By PR XX Ph THE. rt. 7 h By Ph wiBy
3 3 Ph
OH
6:57% 7:21%
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Scheme 2-8|Z DUV THULKERE 2 B2 7=, A6 EMichaelTIETH Y, Figure 2-6
AR T LT U —AA X VBN F ) Bronsted B L L TV TS aadafii 7o
hrZ5l&iRV2%, RLY <Y 7 AGRBRICEMLENVFATE b7/ i21,4—
fHiN3 5 L Ex bD (Figure 2-7 i), BIRKILEW TH HTIZE ORI HEND, E
FTap LT ZYEORVPATE R 7=/ UBRRIGL, FARIET A Z LI
LoTHELELDELEEZLND (Figure 2-7 F#). A& B Z Tlidi# % DOMichaelfH 1K
EBUNL— FTEITTED, ZITRFIFELTWE Y=Y A F5— D
MichaefS AR E HIZH 5 —UBORVHFATE M T2 )V ERIETHZETD - E
DODN— b Z2TZE Y, B EH OMichael UG EITT 5 Z L1272 5, Z DMichael —Michael
G ERDISEEREP T ) S— MMIEE L CB Y, RIERA L bAEME LD

Figure 2-7. Plausible Mechanism

O Ph O
St «Bu
Ph'
OH
(7)

Sm''(OAr),




HANKR=VRFE L ORICRKEREBRELZER TS, FO-DHEAHELF - GO
— M2 EVRKILEMTIEERTHEEZ OGNS, EBIZ, Michael — Michael 5 & T
IEF > TWABERITEELN TV (Scheme 2-9),

Scheme 2-9.
0 Sm(OAr); (1) O Ph O
Bu 0 By Ph
Ph/\)L Ph
(g Ph Ej
7 ij\\/ "j\‘\/’iﬁ\
Sm(OAr)3 (1) z
5 > {f’\ph
AY
pss
Ph/\)LPh xmg"f G

Not observed

EXY, BPFan t ZYEDRVFALTE R 7/ %10 mol%dfitiEl % A
TRI%1T 5 &, Michael —Michael — 7 )V K —/VEGRIENET L T, 24OV A4
N3S5-T T o= )-ltert-TF N T ua~nFtt ) —V(NEEZXBEEZX DB ENTE S,

DD AT v 7 TMichaeltIED Y~V T L ) 53— MNZH ) —RFORUVFAT &
F7x2 ) UBMERTEDDE, HFEEESERETHIY~V vLAREVEREMNEEZ LS L
NTEBRLDTHDHEEZD, SEIOEETIIEBERITOR R b =B E
BIZIRAE>THEY, TEF=PMIAVDEIBR/IGFTEZFIRBEINDIIETHD
EBRTREINTWS, L, —D20O7 Y — LA ¥ RENMNFITET]DEXFE CBronstedia
ELLTHE, ROBEBETEE L OERMFRE T RPN TWD DI IERREE
WEBARIEHEDE TN TS, D& D RRIIE LI BAL F 3o RS BT
lE, SEIER LA EEGEEAEINEN VA A L 72D 5B LB RRLT
AP

T, ZO%EM 2 Michael —Michael — 7 /v K — VEG RGO B@EL 21TV, iR
ICEHTOWNRER EXTEZ L 2RET LI (Table 2-2), FTHREORFN2ITo7m L2
5, THF, MU ZANWEEIRFRERZBLII LN TE (Enuy 1, 2), £/
ANXY U EAVEEASICLTREONRTERDPELNT (Entry 3), Y7uu R ¥
CERAWESEICREVWRIGEREIBSLE Lo TLEST (Entry4), LLEOFRER KD,
RIS E LTI, M= 2RV TREA R 2N, EROHEERIGHEEIC
VT, Michael —Michael— 7 /v F— ViGNNI E T ar S LT Y BOXUH
NWTERNZ2 ) VEBETHEDEZIZESSEEZ LD, RN FATE 7=
J U 2YHBRAWTRIEEIToT2, £OFER, Entry 2TIX19% LG o TW ol
BIRLEMTOWENTIRETCH ETE EVWIFEREZEL (Entry 5), ¥, THFZHW
TRROBNZIT o= HAICHLBRIEEYORENRALLTWHZ L EHERLTVD
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B, M UERWERRRELHELRER CH- -, SOHIZREREOBRTFIZEBWT,
FISREZ0 °CET T & ZARRILEMTOUEH84% E CTH £ L7 (Entry 6), —
F, 100 °CE TR LG EICIE, RICEEE TORBMNPELRY, SLIZBRILEY
DINHRITT%E TIET LT LE 7=, I OFEMichaelftIE61X, 83%DINETH LT
(Entry 7).

Table 2-2. Michael-Michael-Aldol Reaction Catalyzed by Sm{OAr); (1)

O Ph O
/?l\ . /\/?L Sm(OAr)z (1) (10 mol%) R w . Ph Ph
Bu Ph” X" “Ph Bu Ph P By
1 mmol X mmol OH
6 7

Entry Solvent X (mmol) Temp (°C) Time (h) Yield (%) (6/7)

1 THF 1 rt 7 78 (57/21)

2 Toluene 1 rt 7 81 (62/19)

3 Hexane 1 rt 7 72 (45/27)

4 CH,Cly 1 rt 30 85 (70/15)

5 Toluene 2 rt 4 100 (277/73)

6 Toluene 2 0 5 99 (15/84)

7 Toluene 1 100 10 90 (83/7)

DX BRBEFBICIIERYOET, BEMNFREOFEEIZEL > THANTE
HEEZBND, UTICEEDORKRZ R (Figure 2-8), F TIKIBORRIIEN T OE
EIXEL, v~/ ZAIMEIE= ) T— b LTCH =) UAIZEMLIZRETHD LE
2B, TIIWEBIT Y —NA XY REMFONVFALTE M7= ) UBENLT 5%
B (AZHIEB), BFOESEIOENVNIIVL—FBREFTHI EEXLOND,
RO IIEN FRBEOEE ILELS, bFVBWEMEIE LRV EEZOND,
IITEEESa hr 2 bR WWRUVPEATE F T ) UREAM LIRS, Tr B
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(2 £F 5 Michael (K6 DA A = 5720y (D), —152.6-F-tert-7 F -4 A F L7
=/ —NABEAL LB AITIE, 70 h B84 CARMe A MIEL L L, bl
NEETLHEEZLND (C), HZZDLED 7 b BEIY, Scheme 2-10ICREN
5EIICARAREBRELELFALER THL L TFREINS,

Figure 2-8.
0°C 100 °C
rBUQ rBUQ
ArO
0]
\ X B AO /- Bu
ArO—sm'" H By sm'!

ST |
LA Ho e
- Ph \ . /
o Ph O
A (o t /”\)\)I\

ArQ OAr
\Sélll =

o Ph O

By Z>ph

B o \D Ph
OAr \
i o Aoy I\,

AQ O h

sm!-0
f R P ArO——s\'m'"
(o) Ph /O
S e
P ) Bu NPT N
Ph
Scheme 2-10. tBU
A0, OAr A0,  OAr HO‘Q——
g7 Sm'l .
e 100 °C / Bu
0" Ph "0 ————x% O Ph O

Al D\ . f O

Aro——S\in'” H Aro\sf}]ﬁ' Bu Phw@u
[ 'Bu \
~
OAr ! 6
Ph Ph O



2—4 R

A TIIRN RO LA LHEAMESRHA2 B/ L L, #EoE & i iEeE i c B84 50F
RafTolz. FIFEEERBOFEO—DTh 5 BB ZME L, BT/ 88
EEKTHI L TRIEHL2EBRTELETHAI L ELX-, FTEMFLLT26-7-
tert-7 FIW-A-AFNT = ) —NERWTEEEZFAR L, Z oM Fi1E, OBFERF%
T 5-OFITHEERLEOBRMMELE, QXU EUVEREZAETHE-HRETHY,
SEERP TCOEREOLELR, @A /N MIICERWEBHREAFTA-DEBEY 2§
MAREFNZ LTV, EWVIHIBEEELTWD, I-AFLEMEEL L CIXYSFEET
BYHEWIZ2ATWBS Iy~ o adihz AW, Bohit<=U oaqn)r VU —
WXL FERNIINE TO=MOY~ ) U LEEOF THLELEMEDOV V=K
EEETHLZ LR INTZ, £/THE/ 7T = F ) VIRBBEBEE O OB S TE
bhvefgiX, 7V AVFXP FEANF3ISFETEM=bIA2HGFVREMLEE
B(ISEA2THA Z LW EERXBBIF L VER SN, T2 FDT7TE =1 Y
NEOAEIZ6T2°TH Y, BEUSHBEBRICEDOLNTWA I ERTREBENS, £-48
22 B IR IR LR ICNMRIZE 2T 2175 L, 7T = MU A0 =E
PEgERLICERE A Z E DB LA & 725 7= (Scheme 2-11),

Scheme 2-11.

3 NaO

Smilj = Sm—+O0

BONT-85E1 2 LewisBEAR R & L THRIEEA310 mol%, afi7 o b %2EF 454
WNR= M EtEER, RUFALTE N7 =) 2FABE L T DMichael DO RS
BALEE A, HEATBAREEGMIichael FUNNETTAZ L AR L, Z 2T
AIeEEZ RTRREZEB LN o721, Michael KIGIZE T D Michaelfit & L L TE
Fao WL &, MichaelffINE6IZMz TRIKILEDTHRBIERM L L TELN
7o T DEIERIE, Michael —Michael— 7 /v F— /LR ISIC L » TEKENT-H D
ThHhHELEZ, YBFIILDLETABXORNEIToLEZ A, EFao Azt LT
RUPATE 72 7 VEZYUERAVWEE ZIIRRILEWTE EERDLE L THDIZ L
WCRRIh LTz, & GIZIRESRMIT X - T, Michael )t & Michael —Michael — 7 /b K — /L3
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BRISDERDEIED FITHAILNTEALEEZHALMNILE, T4, bz
EHR 2 100 °CIZINEA L 72358 1 Michael T IN{E645, RILEHR A0 °CTHRICZITo 2% &
IR S TN ENFN84%, 83% T ST~ (Scheme 2-12).

Scheme 2-12.
O Ph O
h Sm(OAr)3 (1 Sm(OAr) (1 :
w . ( 3(1) )?\ (OAn)3 (1) e -
'Bu Ph 0 Bu 0 B By
2 OH
Ph/\)LPh Ph/\)LPn
6 (83%) 7 (84%)

100 °C ‘ 0°C

Az v ol 25K L3 BMichael RS IZ BT, &R M TliMichael Y
Rit%, BRBRETIIRIERICZMETAZ ENRBAL MR-, L L2AS, X
BIZBT5—BERIRONT, MOEEEZRVWESSICRRORKILEMERL Z &
(ZIERRTh L Tuzauny,
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Experimental Section for Chapter 2

General Methods

All reactions were carried out under Argon atmosphere by using Schlenk techniques or under
nitrogen atmosphere in an Mbraun glovebox. The nitrogen in the glovebox was constantly
circulated through a copper/molecular sieves (4 A) catalyst unit. The oxygen and moisture
were constantly monitored by an O,/H,O Combi-Analyzer to ensure that both were always below
1 ppm. 'H NMR spectra were recorded on JNM-LA400 (400.05 MHz for 'H) spectrometer.
Chemical shifts were reported in parts per million downfield from tetramethylsilane.
Tetrahydrofuran (THF), hexane, and toluene were distilled from sodium benzophenone ketyl,
degassed by the freeze-thaw method (three times), and dried over fresh Na chips. All melting
points weremeasured on Yamato micro melting point apparatus and were uncorrected. IR
spectra were performed with a Hitachi IR 215 spectrophotometer.

X-ray Crystallographic Analysis

The crystals were handled in a glovebox under a microscope (MZ6, Leica) which was mounred
on the glovebox window, and were sealed in glass capillaries. Data collections were performed
on a R-AXIS II diffractometer with graphite-monochromated Mo Ko radiation. A laser-
stimulated fluorescence image plate was used as a two-dimensional area detector. Because of
the instability of the crystals, rapid analysis was required. The distance between the crystal and
the detector was 85 mm. Thus, 27 frames were recorded at intervals of 6° and each exposure
lasted for 5 min (ca. 135 min for the total data collection). Molecular structure of complex (2)
was solved by direct method using the program SIR 97. Full matrix less-squares refinements
were carried out by minimizing the function Zw(IF,-IF,)* where F, and F, were observed and
calculated structure factors. The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were included but not refined. The residual electron densities were of chemical
significance.

Samarium(III) tris(2,6-di-tert-butyl-4-methylphenoxide) (1)

Samarium metal (10 mmol) and 1,3-diiodomethane (13 mmol) in 100 mL of dry THF was stirred
vigorously for 5 h at room temperature. The THF solution of iodine (4 mmol) was added and
stirred to give a Sml,. To a suspension of Sml; (10 mmol) in THF was added a solution of
sodium 2,6-di-zerz-butyl-4-methylphenoxide (30 mmol) in THF (100 mL) which was prepared
for 12 h. The mixture was stirred at room temperature for 1 h and then all solvent was removed
under reduced pressure to give a yellow solid. The solid was dissolved in toluene (50 mL) and
stirred at room temperature for 6 h. The suspension was filtrated to remove Nal as white
powder. All solvent was removed under reduced pressure to give a yellow amorphous, and this
amorphous was wased with hexane for three times to give a Sm(OAr); (1) as yellow powder:
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Yield 90%, 7.2 g, 9 mmol, mp <400 °C, 'H NMR (C;D,, 400 MHz, 25 °C) §0.86 (s, 54H, 'Bu), &
2.84 (s, 9H, CH3), 6 8.17 (s, 6H, Ar-H).
MS-FAB: m/z = 809 (M", 100%).

Samarium(1II) tris(2,6-di-tert-butyl-4-methylphenoxide) acetonitrile complex (2)
Recrystallization of the complex (1) from a mixed solvent of THF and acetonitrile gave a
complex (2) as yellow cubes.

Cs;Hg,O;N,Sm, M=972.65, triclinic, space group PI(#2), a = 12.627(9) A, b = 21.20(1) A, ¢ =
11.230(4) A, a = 91.02(3)°, B = 109.84(3)°, y= 76.00(3)°, V = 2736(2) A, Z = 2, Dcalc = 1.180
glem™, W(MoKo) = 11.16 cm™, T=278 K, R = 0.085, Rw = 0.142.

The complex (2) liberated the coordinated acetonitriles on standing in vacuum at room
temperature for a few hours to form complex (1).

Direct Michael Reaction of Benzalacetophenone with Carbonyl Compounds having a-
Proton

To a stirred THF solution of benzalacetophenone (0.208 g, 1 mmol) for 0.5 h was added the
mixture of several carbonyl compounds (1 mmol) in THF and the catalyst (1) (80 mg, 10 mol%)
in THF at room temperature. The reaction mixture was stirred at this temperature by
monitoring the reaction by TLC until benzalacetophenone disappeared. The reaction was
quenched with ca. 1 N HClaq. and extracted with AcOEt three times. The combined organic
layer was washed with brine, and dried over Na,SO,. The solvent was evaporated under
reduced pressure, and residue was purified by column chromatography on silica gel
(AcOEt/hexane(5:1)).

1,3,5-Triphenyl-1,5-pentanedione (3)
'H NMR (CDCl,, 400 MHz, 25 °C) § 3.30-3.36 (dd, J = 16.7, 7.0 Hz, 2H), 3.44-3.52 (dd, J = 6.7,
16.7 Hz, 2H), 4.40-4.08 (m, 1H), 7.16-7.56 (m, 1H), 7.79-7.83 (d, J = 15.7 Hz, 4H).

1-(B-Naphthyl)-3,5-diphenyl-1,5-pentanedione (4)
'H NMR (CDCl,, 400 MHz, 25 °C) § 3.24-3.64 (m, 4H), 3.98-4.10 (m, 1H), 7.16-7.95 (m, 16H),
8.40-8.43 (m, 1H).

1-(9’-Anthryl)-3,5-diphenyl-1,5-pentanedione (5)
'H NMR (CDCl,, 400 MHz, 25 °C) § 3.31-3.61 (m, 4H), 4.03-4.14 (m, 1H), 7.22-7.55 (m, 14H),
7.92-7.98 (m, 4H), 8.40 (s, 1H).

6,6-Dimethyl-1,3-diphenyl-1,5-heptanedione (6)
'H NMR (CDCl,, 400 MHz, 25 °C) § 1.23 (s, 9H, 'Bu), 2.93 (d, J = 7.2 Hz), 3.20-3.27 (dd, J =
16.2, 7.2 Hz, 1H), 3.31-3.37 (dd, J = 16.2, 7.2 Hz, 1H), 3.87 (m, J = 7.2 Hz, 1H), 7.12-7.85 (m,
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10H).

4,4-Dimethoxycarbonyl-1,3-diphenyl-1-butanone (8)
'H NMR (CDCl,, 400 MHz, 25 °C) & 3.45-3.60 (m, 2H), 3.72 (s, 3H), 3.86 (d, J = 9.5 Hz, 1H),
4.15-4.25 (m, 1H), 7.15-7.27 (m, 5H), 7.41-7.44 (m, 2H), 7.50-7.55 (m, 1H), 7.88-7.91 (m, 2H).

4,4-Dibenzyloxycarbonyl-1,3-diphenyl-1-butanone (9)
'H NMR (CDCl;, 400 MHz, 25 °C) 8 3.44 (d, J = 6.5 Hz, 2H), 3.94 (d, J = 9.7 Hz, 1H), 4.19-
4.25 (m, 1H), 5.17 (s, 4H), 7.05-7.58 (m, 18H), 7.79-7.82 (m, 2H).

1,3-Diphenyl-4-ethoxycarbonyl-4-phenoxy-1-butanone (10)

'H NMR (CDCl,, 400 MHz, 25 °C) 6 0.87 (t, 2H), 1.16 (t, 1H), 3.32-3.62 (m, 2H), 3.78-3.83 (m,
1H), 4.13-4.16 (m, 1H), 4.37-4.44 (m, 1H), 7.04-7.64 (m, 11H), 7.84-7.90 (m, 3H), 8.08-8.11 (m,
1H).

1,3-Diphenyl-5-thiophenyl-1,5-pentanedione (11)
'H NMR (CDCl,, 400 MHz, 25 °C) & 2.28 (d, J = 7.8 Hz, 2H), 2.77-2.83 (dd, J = 16.2, 7.8 Hz,
1H), 3.00-3.06 (dd, J = 16.2, 7.8 Hz, 1H), 3.99 (m, J = 7.8 Hz, 1H), 6.73-7.89 (m, 15H).

Sequencial Michael-Michael-Aldol Reaction

To a stirred THF solution of benzalacetophenone (0.416 g, 2 mmol) for 0.5 h was added the
mixture of 3,3-dimethyl-2-butanone (0.15 mL, 1 mmol) in THF and the catalyst (1) (80 mg, 10
mol%) in THF at room temperature. The reaction mixture was stirred at this temperature by
monitoring the reaction by TLC until benzalacetophenone disappeared. The reaction was
quenched with ca. 1 N HClaq. and extracted with AcOEt three times. The combined organic
layer was washed with brine, and dried over Na,SO,. The solvent was evaporated under
reduced pressure, and residue was purified by column chromatography on silica gel
(AcOEt/hexane (5:1)).

2,4-Dibenzoyl-3,5-diphenyl- 1-fert-butylcyclohexanol (7)

Yield: 84%; white powder; mp 222-223 °C (AcOEt/hexane (1:5)).

'H NMR (CDCl,, 400 MHz, 25 °C) 8 0.15 (s, 9H), 2.17 (dd, J = 13.9, 3.4 Hz, 1H),2.48 (dd, J =
13.9, 13.4 Hz, 1H), 3.94 (dd, J = 11.4, 11.2 Hz, 1H), 3.97 (ddd, /= 13.4, 11.4, 3.4, 1H), 4.07 (d,
J=11.7, 1H), 4.15(dd, J = 11.7, 11.2, 1H), 5.35 (bs, 1H), 6.89-7.56 (m, 20 H).

IR (KBr) 3260 (s), 1670 (s) cm™.

MS-FAB: m/z = 460 (M*, 100%).

HRMS: m/z Caled for C36H3603: 516.2664. Found 516.2650.
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ZED—2DCThHDH, ¥, =F U FARRMEITHEROW bOIXITE A LR 72h5, 1971
|z Kaganll £ - THE SRR E DR AT 4 VEMLF ChH HDIOPE AW B, 7
ERa7 2/ BOREAFILTIICO CERAORKRESEH L7ZY (Scheme 3-1), &6
\ZPOAE D 1975512 X Knowles 23, IV RE VKR A7 4 VELF Té 5 DIPAMPZ B
#L, AILLTFE Fa7 2 ) BOREKZELTEORFRELSEHR L7 (Scheme 3-2)7,

Scheme 3-1.

[RhCl(cyclooctene),], H
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20014EIZ ) —~ LR EEZETH I L & k0T,
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Scheme 3-3.
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Figure 3-2.
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Figure 3-3.
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ethane[n-[(2,5-norbornadiene)]rhodium(l) Bis(borane)
Tetrafluoroborate

B 2090, 50 mg ¥19,200 B 2089, 100 mg ¥10,100
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Figure 3-4.
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Scheme 3-4.
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Scheme 3-5.
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Scheme 3-6.
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Scheme 3-7.
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Scheme 3-8.
Ph/\’/COQMe . Rh-Ligand _ Ph /\;/COQMe
NHAc MeOH, rt NHAC

Oro| o~ o
’, ¥ ! @’a. O m_(j
: PP P PR

P P 3 :
(8,512 TangPhos
96% ee 6.3% ee 99% ee
/ \ M Me
I ‘M S N a
Me: p P‘-,, © (P F!,‘ Me' P  P=Me
t-Bu-BisP* t-Bu-MiniPHOS 14% ee
99.9% ee 98% ee
Me Me
- @F@
Me' P P=Me Mel P-Me Me P  P=Me
0% ee 14% ee 76% ee

1, LB EEETAHAVARR 7 4 VENFERAW-LEOBREHDETRLEY,
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Figure 3-7.
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Figure 3-8.
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Experimental Section for Chapter 3

General Methods

All rections except for the hydrogenation were carried out under an argon atmosphere.
Dehydrated THF and diethyl ether were purchased from Kanto Chemical Co., Inc. and Wako
Pure Chemical Industries, Ltd, respectively, and used received. 'H NMR, '*C NMR and *'P
NMR spectra were recorded on JNM-LA400 or JINM-400s spectrometer. In both 'H NMR and
“C NMR, chemical shifts are reported in parts per million downfield from TMS. *P NMR
chemical shifts are relative to 85% H,PO,. FT-IR spectra were performed with Hitachi IR 215
spectrometer and recorded in the form of KBr disks or on NaCl plates. Mass spectra were
obtained by El at 70 eV or FAB. HPLC analysis was performed on a Shimadzu LC10AD liquid
chromatograph system with chiral stationary columns. Optical rotations were measured using a
JASCO P-1020 polarimeter with a 1 dm cell.

tert-Butylbenzophosphetane oxide di-(13)

A solution of o-bromobenzyl chloride (3 g, 14.6 .mmol) in dry THF (150 mL) was added
dropwise to a suspension of dry magnesium turnings (3.5 g, 146 mmol) and a crystal of iodine in
dry THF (30 mL) at room temperature under argon. The reaction mixture was initiated by the
addition of 1,2-dibromoethane (0.1 mL). Once the reaction had started, the duhalide compound
was added over 4 h. The reaction mixture gradually turned into a light green milky aspect.
The resulting organomagnesium reagent was stirred for an extra 2 h, decanted and transferred in
small portions to a solution of tert-butyldichlorophosphine (2.32 g, 14.6 mmol) in dry THF (25
mL) at =50 °C. This mixture was gradually warmed to room temperature and stirred overnight.
Water (30 mL) and H,0, (30% aq, 2 mL) were successively added and the resulting mixture
stirred for 1 h at room temperature. A saturated aqueous solution of FeSO, (40 mL) was added
and the mixture extracted with ethyl acetate (2 Xx 50 mL). The combined organic extracts were
washed with brine and dried over Na,SO,. The solvent was removed under reduced pressure
and the residue purfied by column chromatography on silica gel, eluting with ethyl acetate to
give dI-(13) as an white solid. Yield 52%.

Separation of tert-Butylbenzophosphetane oxide 4i-(13)

Racemic tert-butylbenzophosphetane dl-(13) was subjected to HPLC analysis by using several
kinds of chiral columns to find opyimum resolution conditions. Use of Chiralcel OJ provided
good separation of the two enantiomers: 0.7 mL/min, 25 °C, 5% 2-propanol/hexane, 17.1 min
and 19.9 min. Based on the results, 3 g of d/-(13) were separated by preparative HPLC (SMB
system) into 1.3 g of each enantiomer.
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(S)- tert-Butylbenzophosphetane oxide (S)-(13)

mp 39-40 °C, >99.9% ee, |a]', = ~22.5 (¢, 1.01, CHC,).

'H NMR (CDCl,, 400 MHz, 25 °C) § 1.17 (d, J = 16 Hz, 9H), 3.38-3.58 (m, 2H), 7.30-7.43 (m,
2H), 7.47-7.57 (m, 2H).

C NMR (CDCl,, 100 MHz, 25 °C) § 24.16 (d, J = 1.7 Hz), 33.18 (d, J = 56.6 Hz), 36.12 (d, J =
56.6 Hz), 125.59 (d, J = 3.3 Hz) 127.20, 128.54 (d, J = 12.4 Hz), 133.91 (d, J = 3.3 Hz), 141.31
(d,J=24.6 Hz), 141.73 (d, J = 42.6 Hz)

IR (KBr): 3060, 2950, 2900, 2860, 1960, 1920, 1590, 1450 cm™.

Anal. Calcd for C, H,sPO: C, 68.03, H, 7.78. Found: C. 68.13, H, 8.01.

(R)- tert-Butylbenzophosphetane oxide (R)-(13)

mp 39-41 °C, 99.0% ee, [a]'", =+21.7 (¢, 0.98, CHCIL,).

'H NMR (CDCl,, 400 MHz, 25 °C) § 1.18 (d, J = 16 Hz, 9H), 3.38-3.58 (m, 2H), 7.30-7.43 (m,
2H), 7.47-7.57 (m, 2H).

C NMR (CDCl,;, 100 MHz, 25 °C) § 24.09 (d, J = 1.6 Hz), 33.61 (d, J = 56.6 Hz), 36.05 (d, J =
56.6 Hz), 125.53 (d, J = 26.2 Hz) 127.13, 128.48 (d, J = 11.5 Hz), 133.86 (d, J = 3.3 Hz), 141.31
(d, J =26.2 Hz), 141.65 (d, J = 40.2 Hz).

(18,1°S,2R,2’R)-1,1’-di-tert-butyl-2,2’ -dibenzophosphetenyl dioxide (S,5)-(14)

s-Butyllithium (0.97 M in cyclohexane, 2.9 mL, 2.8 mmol) was added over 5 min to a solution of
N,N,N’,N’-tetramethylethylenediamine (0.42 mL, 2.8 mmol) in dry THF (2 mL) at =78 °C under
argon. After 30 min, a solution of (5)-(13) (500 mg, 2.57 mmol) in dry THF (3 mL) was added
dropwise. The bright red mixture was stirred at this temperature for 2 h then —50 °C for 2 h.
Dry copper(ll) chrolide (dried at 120-130 °C for 4 h in vacuo, 450 mg, 3.34 mmol) was added in
one portion with vigorous stirring and the mixture then gradually warmed to room temperature
overnight. Aqueous ammonia (25%, 5 mL) was added and the layers sepatated. The aqueous
layer was extracted with ethyl acetate (2 x 10 mL). The combined organic layers were washed
with I M HClagq., water, and brineand dried over Na,SO,. The solvents were removed under
reduced pressure and the residual (a yellow solid) was washed with small amount of ethyl acetate
(ca. 4 mL) to give (S,5)-(14) (220 mg, 44%).

mp180 °C (decomp.), |at]*’ =12.3 (¢, 1.00, CHCL,).

'H NMR (CDCl,, 400 MHz, 25 °C) 8 1.23 (d, J = 16 Hz, 18H), 4.46 (d, J = 4 Hz, 2H), 7.31-7.39
(m, 2H), 7.41-7.52 (m, 6H).

>C NMR (CDCl,, 100 MHz, 25 °C) & 24.11, 33.22-33.98 (m), 46.38-47.20 (m), 126.91-127.16
(m), 129.05-129.16 (m), 133.77, 140.79-141.61 (m, 2C), 144.72-144.76 (m).

IR (KBr): 2950, 2860, 2360, 1590, 1480, 1450, 1190 cm™.

Anal. Calcd for C,,H,sO,P,: C, 68.38; H, 7.30. Found: C, 68.10; H, 7.49.
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(1R,1’R,25,2’S)-1,1’-di-tert-butyl-2,2’-dibenzophosphetenyl dioxide (R,R)-(14)

Yield: 45%, mp 180 °C (decomp.), [a]"’y =+12.5 (¢, 0.97, CHCL,).

'H NMR (CDCl,, 400 MHz, 25 °C) § 1.23 (d, J = 16 Hz, 18H), 4.45 (d, J = 4 Hz, 2H), 7.32-7.40
(m, 2H), 7.41-7.52 (m, 6H).

*C NMR (CDCl,, 100 MHz, 25 °C) § 24.11, 33.21-33.97 (m), 46.38-47.20 (m), 126.91-127.16
(m), 129.04-129.16 (m), 133.76, 140.79-141.70 (m, 2C), 144.71-144.76 (m).

IR (KBr): 2950, 2860, 2360, 1590, 1480, 1450, 1190 cm™.

dl-1,1’-Di-tert-butyl-2,2’-dibenzophosphetenyl dioxide dI-(14)

Compound d/-(13) was treated subsequently with s-BuLi and copper(Il) chloride to produce di-
(14) and meso-isomer in 83:17 ratio. Pure d/-(14) was obtained by chromatography on silica
gel usin AcOEt as the eluent.

mp 180 °C (decomp.),

'H NMR (CDCl;, 400 MHz, 25 °C) § 1.23 (d, J = 15.9Hz, 18H), 4.46 (d, J = 4.1 Hz, 2H), 7.31-
7.39 (m, 2H), 7.41-7.52 (m, 6H).

*C NMR (CDCl,, 100 MHz, 25 °C) § 24.12, 33.22-33.98 (m), 46.38-47.20 (m), 126.91-127.16
(m), 129.05-129.16 (m), 133.77, 140.79-141.61 (m, 2C), 144.72-144.76 (m).

IR (KBr): 2950, 2860, 2360, 1590, 1480, 1450, 1190 cm™.

Optical resolution of di-(14)

A mixture of d/-(14) (38.6 mg, 0.1 mmol) and (2§,35)-(+)-0,0’-dibenzoyltartaric acid [(+)-
DBTA; 179 mg, 0.5 mmol] was dissolved in hot ethyl acetate (I mL). The mixture was
gradually cooled to room temperature. The precipitated crystalline solid was collected by
filtration, washed ethyl acetate, treated with 1 M NaOHaq. (2 mL). The mixture was extracted
with chloroform, dried over Na,SO, and concentrated under reduced pressure to give (S,5)-(14)
(8.1 mg) as a white poeder. Enantiomeric excess of this product was determined to be 98.8%
by HPLC analysis (Chiralcel OD-H, 0.5mL, 25 °C, 2-propanol/hexane (1:19), (§,5) 7,= 16.9 min,
(R,R) t, = 23.3 min, (meso) t; = 25.3 min).

X-ray crystallographic analysis of (S,5)-(14)

A well shaped orthorhombic crystal of (S,5)-(14) was obtained by recrystallization from ethyl
acetate. A colorless prism crystal of C,,H,s0,P, having approximate dimensions of 0.40 x 0.30
X 0.20 mm was mounted in a glass capillary. All measurements were made on a Rigaku
RAXIS-II Imaging Plate diffractometer with graphite monochromated MoKa. radiation (A =
0.71070 A) at 173 K. Crystal data and refinement details: space group P2,2,2, (#19); a =
9.722(D A, b =2291(2) A, ¢ =9.65(1) A; V =21493) A; Z = 4, Dcalcd = 1.194 g/cm®; F(000)
= 824; u(MoKa) = 2.15 cm™'; 1790 reflections measured, 1654 observed (I > 2.000())); 235
variables; R = 0.072, Rw = 0.079, GOF = 1.40. The absolute configuration was determined by
the Flack parameter method.
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Reduction of bis(fert-butylbenzophosphetane)oxide and preparation of rhodium complex
Hexachlorodisilane (70 uL, 0.39 mmol) was adde dropwise to a solution of (R,R)-(14) (50 mg,
0.13 mmol) in dry,freshly degassed THF (3.5 mL) at room temperature under argon. The flask
was immersed in a preheated oil bath (80 °C) and stirring continued for 90 min. The flask was
removed from the oil bath, and hexachlorodisilane (70 pL, 0.39 mmol) again added. The
reaction mixture was stirred at 80 °C for 70 min. The operation was repeated at 70 min interval
until 12-15 equiv was used for disappearance of the starting diphosphine oxide and intermediate
monophosphine oxide (TLC monitoring). The mixture was cooled to -10 °C. A well
degassed aqueous solution of sodium hydroxide (10%, 3mL) was added dropwise under argon
and the mixture stirred for 5 min at this temperature and the 10 min at room temperature.
Degassed benzene (2 mL) was added and the organic layer transferred onto Na,SO, under argon.
The extraction procedure was repeated three times. The solution was passed through a column
of basic alumina under argon and the column washed using degassed benzene (15 mL). The
eluent was removed under reduced pressure, releasing the pressure with argon, to give a white
solid. This was dissolved in dry, degassed THF (3 mL) and then transferred to a stirred
suspension of [Rh(nbd),|BF, (242 mg, 0.06 mmol) in THF (2 mL) under argon. The
suspension turned immediately into an almost clear solution. After overnight stirring, the
insoluble material was filtered off and the filtrate evaporated under reduced pressure. The
residual solid was washed with hexane to give an orange powder, which was dried in vacuo.
This product was used without further purification for the asymmetric hydrogenation of methyl
o-acetmanidecinnamate.

Asymmetric hydrogenation of methyl o-acetmanidecinnamate

The reaction was carried out according to the procedure described in the literature'”®. The
enantiomeric excess of the product was determined by HPLC using a chiral column: Daicel
Chiralcel OJ, 1.0 mL/min, hexane/2-propanol = 9:1, (R) #, = 13.3 min; (S) £, = 19.3 min.
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Figure 4-2.
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“EBUEOT V— 7 a AEEEOF CHEMHIZI2-BL U3 ERT L— s
LEEERIZIZ=F v F A~ —NFEET D (Figure 4-3), (A)E(B), (C)&DBEFNEFNTF
vFFe—ThD, TORFEHEAFLIEN, TLv—VBRA2ERLE L TCRLEEL K
L& XIBETFORSINERL LI >THL S,

Figure 4-3.
Ry Ry
Lo ] ]
LOre Ao oo Lre
oC é oCC) oC éOCO ocC ('JOCO ocC (!:OCO
(A) (B) (C) (D)

Scheme 4-6 C/k L7z A /V MIMIME D BUWHFINEEZZHR L TV D, ZHIET L—r
FIERERIDHETABIZ NV INLR LI u AEREFW DI, 7abbRD
HNODHBRBEIND ZENRFERO—2ER-oTWD, ERFEEREMEEZ AW
728BE, REBRMNFEFESEZHEAICBVWTLEWVWTERIRECARSME E/KT S
Z LM TE B (Scheme 4-9)'Y,

Scheme 4-9.
OMe
1) PhaC*

©—'\\ RLi CN,) R 2) H,SO4, MeOH @—CHO

[ N—-N N= y 7
Cr(CO)3 @\ (OC);;CI!’ R

!
Cr(CO)3 >93% ee

Cr(CO)s MeO OMe 60-98% ee

2) PH3C*
3) H3O*

FEHEMLFIIOEIRT L7 u A EKOEAF LA LIZBHAT 7= =1
KEMDEREITHOTWNBEY, oI aF AT L—r 7 a bk TV —n1ERa s
Borsaxhy X)XV T 2= UbEMERRLTEY, 7 aliEkotv
MinB#HELTV—NARa BOFNL MIOBBREDSIENLESI 2 ERTLHZ
EIZE o THAFEZHET S LIZHZI LTV (Scheme 4-10),
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Scheme 4-10.

H‘
B(OH),
Br
S
| + R®
/ Z OMe
(OC)5Cr
2
R! R1 R
Pd(PPhg3), @ @ C-\
. = . J_,
Na,COj (|3 CgMe R? {]: C(())Me
MeOH / H,O r(CO)s r(CO)q
reflux, 30 min syn anti

TL—r 7 ab#EIHI WEAOER THIHENEL, BEOKRETIIHEDN
HBECHDH, LIL, BIRIRETIIEFTICRLETHY, XEBRIZL-TESIZZ
O LNRBREENTTL—UBEBERIZE-TLES, £/, N LOEK LI XFEFBMER
E7 = UL L IEIRIREIZ L2, BRAH T2 RMHRE T2 L IEORENE
ZoTLEIZENHLNATUVLS (Schem 4-11)'*%,

Scheme 4-11.
O Solvent i
l .
Cf(CO)a hV, [0] @
2
R’ R! R
H solvent / reflux H
| OMe - | OMe
R? h
Cr(CO), 2 Cr(CO)s
syn anti

IRLDEER, TL—r7ulihOoRKENETT L L LICHEFERERZBRK
B L RAEBMOAREOBICN Y ALR=A 7 0 AEABSIIBRETAILENTES
TEETRLTWVWALDOTHD,
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FEIETHLRATWNDA, BRERMERISICE T2 AFRMLFIIRERLEHKICEL
HEERRFEMOBENSBD TEERBREL -THY, FEREBIIHEREICED
RIRBEBRETHDLELXAOND, TDEDIIT YV —NEERETHIHFEERRAT 4
DERIELZHLT HZ L1, SHOBLFREIFLF T NRNA AFEMBEOREIZE
THERLEBMELZT EEZLND,

AKETEHP—F 7 NVPOINIHT HIULEHFERALT ) — LV EFAEII OV TEREZT-
7o VVRFRIZBEBREABAT S HEL LTE, REERREE REFBEBRRIISH
ZZ26N50, BIIREFEBRRISICEL TIE, XFEEEZ _HJEP—FFLHKRAT 4 v
AT U DOINREERAMEMIC OV TLURNZIYMEZETHE L TWDY, ThbDERAT 4
VIR BN T AL TAHELBERATZ7 4 K7 =AU, KIBTTizY &~
BFEDXT7 VT 4 —2FHoERFTHIENHERENTVS(Scheme 4-12), ZDOZ & Mh
LAFEIZBWTY, HJ/ERT74VRT U 2FATHEA2FHEBE L, 2085
&, TUV—NEEAKL L TTIV—NVAFA L EMEERAVILENRDDHN, EET
WMA_T=T L—r 7 abEEIcEBTHI & LT,

Scheme 4-12.

EHS Base EHs
Rl" \H Rn-' _'e
Mel Mg
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4—2 F/) a7 L—r 7 a AEEOEEEREBRE G

AETET L—r 7 o LB ERFESE_J|ERT 4 F7 =L OEEEREBR
RIGCE VTV —NEEZETOIREESERR T VOBRERI L, ~aX AT
L= 7 0 LSEEIEA 7 VLIS RIEKEEZZ T, "o X UonliitE+d s o bick v R
AlEDORBBEZ D, £ZT70rFe_v¥rroh, soaxy¥or27oh, 7o
ERBUIOLEERL, ZHRERAT 4 7T =4 LORIEERMNT A LiIC L

(Scheme 4-13),
Scheme 4-13.
BH5
P.
X Hh;.l * @ ?Ha
| \ e H‘ |JP \
N Mé |l _
Cr(CO)s Cr(CO);
(X=F, Cl, Br)

ETaF AT L—r 7 n LRI STRRICH B FIEF AV TR EIT -7, Scheme
4-14Z—EDOHREH| & IR Z2RT'7,

Scheme 4-14.
R
T:) AN
Cr(CO)s . |¥
BUZO-THF, reflux CT(CO)3
R . L -
H MeO
| Q 89% | § 85% | i 65-90%
Cr(CO)3 Cr(CO)3 Cr(CO);
Cl R ™S N OMe
|\ 64% | \, Hae | o 77%
X : X
Cr(CO)q Cr(CO)s Cr(CO)s
F @
[ 80% X
y <'|\ 27%
Cr(CO 2
(CO)s Cr(CO)s
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SEFL1E, Zab~FYhLR=ETrtaxy
Yo, roaRy¥y, TunERoProgny, U7
Fx—7 )b, THREREEBEF 140 °C, 208F[ L V9 &4
TT L—r 7 aLEORKMEIT T, 71 bFHY D
VR = VZRt LT b7 U — VT KRB RIA VW,
O, V—Evbe®BHAEELII VL NGHIE EE
At+anL, BELEZZ o~ XY IR VLRERNICHT
HL, BRDIENEL LD, BEHROBEVEWVES
B & BV - (Figure 4-4), Z OB X KRFSLKEFED
AT T — R EOHRETITOR TN B FIEEBEICSY | refluxpoint
TIEVV=,

Scheme 4-15IZ5 EIOEREZ T, KSR ITEEEREZ D
LEBOBEREZRY, BREICHAELL7ab~FH A
NRZNAVDRETELIZLDEN, 1ZFEREFT HTHF
DEHIZ L o TRV SN, 208MRICRKICEBER Y &
T4 MEIBT DI ETRRIGED 7 ab~FTHHNLHR=v
LB a7 o AEROREY (REEE) ZEY KR
Wi, FORIBIROEBEAZBETFT CTEEL, ~FHY U CHEIRS LHZAOT L —
g o AEENRELONT, WRIZFNENTINFT X B 7 abhiesh, Z7oaXo¥
VI AN, TaER B 7 a0 N3l NI BFRINETCERYE 5 X T2,

Figure 4-4.

Scheme 4-15.
X
T:j NS
Cr(CO)s |\
BUZO“THF, 140 °C CT(CO)3
_______________________________ 2 e
F Cl. X Br N
\\ﬂ:::J 85% \][:;;J 97% \TI::i] 83%
CT(CO)g Cf(CO)S Cf(CO)g
16 17 18

STORISICBWT, ~aF AT V=L DYBEEELT, KEBELEEHCTRISEIT D,
BELZETHEBET YR EOBFNLRLER, WINLESEIOKEY EEAZ LI T
Xedot, FTL—r 7 ubtEEoMOERELE LT, ZeA MY AAR=V—
TR THEEHEME L TAHARIE®E, TT7EL I uLERLEOT L— U RHIT
LBEEBELNTVDY, £ THOFEIZL D ERDOEE 61T > 72(Scheme 4-16),
saAbhRNYINR V=T o 2=T8EE 0l M7 L= DORIGICE DT L—
7 MEROARITSEEDORAMNES T2V EICRISER ZIE EEL 20N HIZ
BEBOFETHDI LTV ZRN, SEF 7L 7 abiiiks T L —ORBRISIT
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LAT L —r 7 ahEEOERE S £7-Scheme 4-15OER A 52 LT T, X6
WP TFT7H2 L bR E BT AOVLERNDLD I ENLAEREERWETZ &R

T&EAR,
Scheme 4-16.
R
T s
Cr(CO)3(NHz)3 - I \/
BF3'OEt2 Cr(CO)g
R
S \© R
\ - -
Cr(CO)3 heat Cr(CO)s

FOREHAEBEOT L—r 7 hEEOERITY 7T FAro—T )V, THRREEEE S, 7
OANFYHLR NV ET U= 2 BREET CEBTAFETITO I E L,

ENTESNE P AT L— 7 a bRk ZRARRAT 4 RT =4 L DORIED
BEEIToT, TTHFEMERBEHARRTLRT Y (99% ee) OFa b alEHE
TBI X\ t%, 7t uxvBrrasikaesMalz, £O/EER, 6 1%DNET
AERRNIONE LT, E-ERMO T FABEIERILE8 4% THh > 7-(Scheme 4-17),

Scheme 4-17.
BHs
l‘Bi.l“”lp\H
Me I?Hs
F N (99% ee) ~ tBU“f\@
X n-BuLi, THF Me X
Cr(CO)3 n,8h Cr(CO)s
16 19

61%, 84% ee

RBAEFRHOTF L FABRIBIIMNZ o 2L L%, RXICHDHETHFEE~LE
 Z & CHRELTUVWAI(Scheme 4-18), B o MUITBERKE TR XRHFNTLHZ L

TEBHATA D,
Scheme 4-18.
7 h BH BHs
v 3 i ~78° ;
’Bu“‘f N F" 1) s-BulLi, =78 °C 'Bu““P\ph
mMé | Bu'y
’\ air Me O Ph—IN
Cr(CO)s 2 o /U\Ph T oH
19
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BV TARRICDOREFME 2 ST LT- (Table 4-2), FTHWAD HBART LRI LD
HEAZIEILEZA, 33UERA WL X IZ0BNREER LIz, LLAENE,
HFEEZRARR T 0 AR T VB ESE W DI S #%OEN 21T > 7=, ZBEIN
AT L0~ T IT74—ICXVEZIATHI N TES, 22 CHINEREEIC
ANTGE, 228 BOMAERT 4 U RT U ERWTEBEICR LN EINETH
STele®, UTOBRFNI22EUETITI Z &ic LT,

IO 21T & 24, THFZ AWESHEAICELEENEL, YoFilo—
T, by, VAP UERANELEEICEFREOINRER TCERDEBDL LN T
Ele, T F=FINERWESEICEIRIGKEEAIETFRELS 2-oTEY, HHEMN
EFLTWAHZLERLTWALOD, INENRTHF2Z HW-HBE LRSS0/ EY 52T

[ARH
Table 4-2.
BHy
t‘Bu“"P‘H
Mé’ ?Hs
O,
Fo | N (99% ee) 'Bu“"/P =
X/ Solvent Me ™ |
Cr(CO)3 Base Cr(CO),
16 Temperature 19
i
B U““/P\H (eq.) Solvent Temperature (°C) Base Time (h) Yield (%)
Me
1.1 THF rt n-Buli 8 61
2.2 THF rt n-Buli 8 81
3.3 THF rt n-Buli 8 90
1.1 THF rt n-Buli 8 61
1.1 Et,O rt n-BulLi 18 51
1.1 Toluene rt n-Bulli 18 37
1.1 Dioxane it n-BuLi 18 41
1.1 CH5;CN rt n-BulLi 18 60
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WICIRESRG L, HEOHEAZE X CTRIE%#1T->7= (Table 4-3), =ik TII83%ULE,

84% T F o F A BEIR TH-1-DIZH LT, —40 °COBFIZIT8I%ULE, 9% ) FH
BRETERMEE R, —FH-78 CE TCIREZETIE-HENXFEMEIRI-L T
B0, WENTRETETTHEVIBEREEX-, IoB, EROBERIMNOBIZHE
BBRIFREREZRLETZ b= ) V2RO TUERRRIE 21T - 727340 °COBF|Z84% D
TFFABRBIZEEEFDEVOIFEREB, T BER T4 R T HFRAT
4 7 =Fd N EBTABICVERBEL L Tidsec-7F NV F O LNREE THAZ L
MREN, ZTZTHICLDF 277 — FTCRERLRIZEELZLDOIZRY, NREE
RODBZENRHETH -7, FH-KFELFT ) 7 A (NaH) ZAWVWESGESICITNRE, ©
FUFABRIRLEBICHFREDOLDTH T,
LLEDRER LY, KEUSOBRIESM T HTable 430758 CHEN-FM4, T2 HTHF
A, —40 °CTsec-7F N Y F U LEBWRICER D BFRINEB L ;U FABFRF
TERE 5 %71,

IITHLERLERKEOFETZ T U FABRIELRDT,

Table 4-3.
BH,
fBu e 'P\ H
md ?Hs
\/ Solvent Me I
Cr(CO)3 Base Cr(CO)s
16 Temperature 19
i
'Bu“"lp\ v (eq.) Solvent Temperature (°C) Base Time (h) Yield (%) Ee(%)
Me
22 THF rt n-BulLi 8 81 84
22 THF —40 n-BulLi 20 81 99
22 THF -78 n-BuLi 20 7 99
2.2 CH3CN -40 n-BuLi 20 95 84
22 THF —40 n-BulLi 20 81 99
2.2 THF -40 n-BulLi/ Cul 20 complex mixture
[ 22 THF 40 sBuLi 20 93 99 ]
2.2 DMF -40 NaH 20 75 87
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RIZNB T AT L—r 7 o LEROREEOF M E£ITo7-, —hET7 L4~
YEBIu LAERWTRIERITATEER, ZouRo B/ hadToEeRr ¥y
7B LTIREDL S BRUSHEZTRT O, RBEEL-EERGEZA O TCHRIEEZIT-
7= (Scheme 4-19),

Scheme 4-19.
B
’BU' ' 'l‘P\ H ?HS
F Mé P
| X . Buvy | X
f\’ sBuli, THF s X
Cr(CO)3 —40°C,20h Cr(CO);
16 19
93%, 99% ee
B
Bu Py BH,
cl Mé .P
| NS N Bu { | =
. . M
X o-BuLi, THF & 5(
Cr(CO)s _40°C,20h Cr(CO);
17 19
7%, 99% ee
B
. B o
r | x e \\ - 'BU"'I.P XN
f\’ s-BuLi, THF \ Me X
Cr(CO)3 -40°C,20h Cr(CO);
18 19
No Reaction

ZOFRER, 7/aaRBUI70bTaER P I ATIRERT 4 KT =4
L DEERREBREICICH L TCRESETH o=, Zhid, "R 74 K7 =5
Na LT L= DA TS RER BT BRI EEENRELR>TLES =
té, "uFrOEBFRGIEMENEDTHB EELZ LN TVS (Figure 4-5).

Figure 4-5.
Rl R2 R! R2
@‘ R3 @ R3
(
¢ ¢
- r\ - r\
oC é oCO oC (': OCO
16 17,18
(X = Cl, BI’)
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Lk, NHFEEER ZHJRARAT 4 R T e axrB o 7o btiEs ol EE
REBRITIZE T, REMCHBRARR T 4 U E2EWVINRTE NS Z & 23R
AN, FITHNT, ZHARAT 4RIV EOBBMBEZBRFTHZ L2k, fEx
DHFEEEFRAT 4 V2GR THIEEBRE LK,

ZORER, ERIGIZEBWT, HEYWETHD BEAT 4 VR T  ONFEME 25
BIZHEF LSO, TV = bEBIEEWVWNETE -, 28, Vo kv o~k
UIWVEEFETDH HRERAT 4 VR T AZDONTIL, T5%DNFEMED L O EER L2,
BEVBEBRETHNONDT I~ FLERZRETHMEAT 4 VY RT OHE, Kk
EEPNMET T b00BWTF U FABRIRIIMER L TERDRIEE X 1=,

Table 4-4. BH;
J

(8] P BH
Feo R'/ ™H |
Me wP<
| . - R { =z
2 CrCO) s-BuLi, THF Me | ‘
3
16 —40 °C Cr(CO)3
(% ee) Time (h) Product (%) Ee(%)
%
By ]P\H 99 20 19 (93) 99
Me
it
Cy‘}?\‘H 75 20 20 (81) 75
Me
%
Ad‘jf\‘H 99 72 21 (60) 99
Me
— NN E VRIS M EREOBRWVETRSIMELETHERETFELSME

TBH I LH %ﬂ’(b\f)o T % SangeriA FRIIF FIERIZBHRLUS I L THREETH
5, £Z TSangerRELXRAWVWTAEARIEEIToTEZ A, RIEBEEIT Lo
(Scheme 4-20), AT 2D = ERN+LREFRGIEEZ LRV, HDHWIILZE
BEDIDICKISEMET L7 b D & FRENS,

Scheme 4-20.

NO, B H BHy NO

F Me \ ’Bu“‘f
s-Buli, THE \ Me
NO NO,

2 _40°C,20h

No Reaction
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4—3 TraHF AT L—r 7 o AEEOEEEREERRIE

HFEEMP—FTANRAT 4 DELRDEFKIEEBEL, Pl A7 L—17
0OLERE TRARAT A VR T U EORIEERITTHZ L & Lz, ZHIFigure 4-61C
T EOICZEBEOBERAZMGE T A ENTES, TRLLNEBFERAT 4 53—
SNFEAXNTET, Db —DFORAT AV EBEATEZLIZLBPHRAT 4~
DERLQRLHBHELBATHZLIZLDAN MLICBREAXETHE/KRT
4 DEETHD, OTERENBCHERT L IESIETHRR-LHIC, BELRE
BEBETAHIHRARAT 4 VELFLE LT, _RUBUVEBRHOBISPFOEKBKINT S Z &
272 b, —HTQDAN FBBRE )RR T £ ANINMEOICHENZ RITT AL MLIZ
BxOBHRELEATAILNTE, TRNETICARENTWEHRFEFEERRAT 1~
DEF-ERELRY 55, EI-AN MLIA~AToRF42EALZHRIEINNATY v
R ORFEMF L LTOBEANFREICRS, BETH I VEFOES X IZL ARG
HDOIET, BARFCLIRCROBHALREOBMBERLELSBXONDD, BKDOHE
REGHEBERZHFLREVD, AETEHIALIZOWTHENTLZEE L.

Figure 4-6.

1 © ) ® |
Q) %__'1\'

Cr(CO)s Cr(CO), Cr(CO)s

@ Diphosphine

Cr(CO)s

Monophosphine
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FTFoNNa T AT V=7 a LBEEOERTH A, ZHIEE/ a7 L—
v a AGEIRDOERE & [REROFiEE U2 (Scheme 4-21),

Scheme 4-21.
Cr(CO)s :@
Bu,O-THF, 140 °C Cl’ (CO)s

_____________________ 20 e

F Cl N

] 31% I\ 80%
o X
Cr(CO)3 Cr(CO)
22 23

vrunuaRy¥ oo RKII80% L LB BHRINETEHELONTEN, Y7t ax
Y7 v AEERIIRE TIBRNELBEDNMNETH -z, UL, T7Z L7 ah
EEoTINFAaRBOT L— U RBHIZ LD RIETH2%INEIZ L EF - 7-(Scheme
4-22), LML, BWTOFEFEREBRRICIZIINVAaX B 7o h#EEKOT 3G
WRIEHZTRTOT, BNKERRLELNZY 7 A axyEr 7 o segE2%E A

TRHNEIT-o T,
Scheme 4-22.
Q) X -
Cr(CO Et,O-THF, 80 °C Cr(CO)3
22
22%

FFEE21 L RFEERAT 4 FT =4 v 2 RBREEL &GRS Z{ToT2 L
IAH—BFDORAT 4 U BBANINT-AERBD2439T% L VD REFRINERTH LN
(Scheme 4-23),

Scheme 4-23.
B
Bu Py
Me BH3 F
P 99% ’
| ) (99% ee) . 'Bu“‘f N
? Buli, THF me Ly
Cr(CO), S PUHh z
-40°C, 20 h Cr(CO)3
22 24

97%, 99% ee
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ZIZITHONIERD24IZITT AT LA~Y—(24A, UB)DIREME > TWNE, Z D
OOV T AT LFAw—DONMRDILELS 7 MEIZRZR > TEY, T4EEYEBIERY
DHHRIT6:1 T o 7=(Scheme 4-24), X $RIBIEHEHTIZ L 5 B EEH 22 ERRIT IZIZRT) L
TWRWA, (EFET 7 MEZRENG, BEtert- 7 FNLEL PV AL R= L7 o LED
MEDPRXERDUAVDEERD THDHEEZ TS, £-, UBOBRFITZTERD T

fToTW3aA,
Scheme 4-24.
Bl
| S B NS N Bur
P BuLi, THF Mo | X Me
Cr(Co), ~ S°UHh 2 g
-40°C, 20 h Cr(CO)3 Cr(CO),
22 24A 24B

24A ' 24B =6:10r 16

MWTH/LONIE ) TN RE)RATZ 4T b—r 70l EIZE 5 —5
FDHRAT 4 T =AVDORIGICEBVHEARAT7 4 VOB EBRN LI, LrL, Kin
32 < #1T L7eh > 7= (Scheme 4-25),

Scheme 4-25.
B
BH; F Bu Poy
e P Me
'BuMg | = \i\ No Reaction
f\’ s-Buli, THF

Cr(CO)3 —40°C, 20 h
24

FIFRRAT7 4 RT=F TR TAXINVEOHEAEZRF L, TTEOKL/NEAR
TANENETHDHIATNVEEZHEATSL, GEULBRIEATFAT IR T LEDRIE
i{To7=. LML Z ZTHRIGITEIT L 22D > 7= (Scheme 4-26),

Scheme 4-26.

BH; F

P MeMgBr
'BuM el \é \k\ =  No Reaction
X —40°C,20h

Cr(CO)3

24

THNIIEE24DOR T T bARR T 4 ) ERTFHRULIZERELS, REXBOE _BEL
FAEELTWALDLEZIOND, FI T, FRAZ74RT U EBORF U 2KREL, 7
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V—=DKRAT 4T B2 L CIIEROICREKBEYZ TR0 THI L 2E LT,
UIIFRECTLURMEVER L TWA NI TAIARATZ 4 VR TAAIHRAT 4 v bR
T DAL, WA T AMUIERERBEELE L LTV, LizL, TY—LE
EETDHERAT AR T ORI ACIHBHES THHZ LR L TV,
SEEMLIERAT 4V ART AIT V=NV EEZFLTWS LI, BOTHWEFK
SIETHD N AINF=N 7 a AENGFETDIIZODRAT AMUIBETHDHEEZD
N, TZTTIVZEDBART AMeEREFT LY, EBRIZEER24EN-AF LR Y U
CHT—BRBEH LI LA, ZITTEEMICHAR T AMEBEITL 7 U —DKRR T 4 K25
&L= (Scheme 4-27),

Scheme 4-27.
BHs F [3__ F
By PN Bu P X
méd o g wd 1
= rt, 12 h >
Cr(CO)3 Cr(CO)s
24 25

TDFRART 437 a bERKTHH-DICHBHEEICEETA I LN TE, Hix
RETERFIZHBE LEZEZA—BRETOTNE %BNBILENDIZE T
(Scheme 4-28), LM LIBRIREETHE L 25, MU BNAKR=LVT o LEDSIEEL,
FORIZEBILEZITAZ LIToT,

Scheme 4-28.
F A o F
Ir )
Bu PN TV AT
Me l \, - Me | \,
“ rt, 7d =
Cr(CO)3 Cr(CO)3
25 26

5%

WIZIRAR T AL LT AT 4 V28 L BALAF A= T X T LD E T2 25,
ST BEBRMIN 9 0 BINERTEHELNT-, ZHITT7) —DOFKRRT7 4 ) KIZTEEFEKR
EBMICORELZTHIIEFDOEE 2 LRI L ERLTWA (Scheme 4-29),

Scheme 4-29.
F Me
Bu PN MeMgBr Bu NN
mé | P mé |l P
\ -40°C, 20 h '\
Cr(CO)3 Cr(CO)3
25 27

90%
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LL, BMARZ ML AT 4 ) T L — 7 abgE28b 5 A7 4 K7 =42
a4 < 1T L7 h > 7= (Scheme 4-30),

Scheme 4-30.
BHy
F Bu" }P‘ H
TR P Me
BUM { | N A\ No Reaction
e \z . \
s-Buli, THF

Cr(CO); —40°C,20h
25

FITHAIZ, FRZ74 )T L—r 70 LEEEKLEL DORER L ORIEXBRIT
B ETHN MLIZKR~ RBBREAZBFETHT IV —NAVKRRAT LV OERERNTHI L
WL, DT NAXRNETHLIATFNVEOENIZIIRD LT-ZOTHENTIEZT Y —
EOBAZRF LT, T 72NV EE2RENDICHATIEDIZIEI vy b7 ==
N2 TRV DABELPR 7 2=V ) FULERVBLERSHD, £EZ THEA2L 7=
NWT )= —LRE 7N )FILDENENDORIEx#TToT-, RISITREA %
WA L%, BUORTZ LD ) VRERFEDEEEZITY, BEIZHEES - BBEEHEI
L5 7R bBREZITTYOLICLE
Scheme 4-31CFERAZTT, RIGEZ24BERIT-HEIZELLDHED 9 0 %RIEDIL
RTERMEEZDH, 1I0BMTRIGEZEILELEGSIZIE, Bbk7 == Ry
LERAWEBEIZT44%DRNBTHIDIZKHLT, Z7z=LI)F o LEZHAWVWEREIC
T8 0% DENENRB LN D, RIGITVFULRELXRAWEESIZL Y ER
MIETT B ETFRENT,

Scheme 4-31.

e ®
“TH
Buuwa\[ifj 1) BHg THF BH,

l - - |
Me =
,\ s-BuLi, THF 2) hv, air ’B“"JP O
CrCO)s  —40°C, 10h Me
25
44%
O C
1) BHg THF
By P | X - - RHs
y "
e ,\‘ s-Buli, THF 2) hv, air 'Bu”lp O
Cr(CO)a —40°C,10h e
25

FITUT, BxORERZRMNTIBIZEITAFAIFOLA, TI—NVIFTA
RED)FuLRELZEENICAHWTRIEEZIT2 T2,
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WICKRERIE L L TCEIZC—R/INRT = & RO I NANRT =F % AT st
#1T~-7= (Table 4-5), n-7F NV F U LEREH L L THWZHEEIZIZ2 0 %REDIYL
BULNMELNR ST, TAXAYF 7 LAOLEREIREESETEE 575, TMEDA
BETCRISEIT2I2E ZANERITI6 0%ETHLELIE, LLZY = —LHEE
HAWEBAIZIE 7 5%INRTHY, 7o VEREALEBOBRESPBTRERL -
Tro sec-7FNYFULIRERELTHELTELY, REEEZETHE-ORIGHRIE
MEIIRDBEVWIREEFE LTS, 2T, ZHBOINVET = L LTy 7o~k
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Table 4-5.

F
RM :
Bu PN  1)BHgTHE BH; R
mé ||\ . P
'\ s-Buli, THF 2) hv, air Bu 4
Cr(CO)3 —40 °C Me
25
RM Time (h) Product (%) RM Time (h) Product (%)
NN 20 28 (22) O“MQBF 20 30 (41)
AL/ TMEDA 20 28 (66) O‘U 20 30(69)
O—u JTMEDA 20 30 (62)
A Nwger 20 28 (75)

complex mixture

d 24 20 (0)

Li
Y /tTMEDA 20 29 (24) complex mixture
Li
Li
/T / Cul 24 29(0) \©/ complex mixture
I
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Table 4-6.
F
‘ BRM .
,Bu“.)p N 1) BHa THF . BH, R
Mé || _ P ;
’\ s-Buli, THF 2) hv, air Bu {
Cr(CO);  —40°C Me
25
RM Time (h)  Product (%) RM Time (h)  Product (%)
@—SU 20 31 (40) KSCN 24 no reaction
%-SU 20 32(55) TMSCN 20 34 (91)

@—Seu 20 33 (52) TMSN; 20 35 (68)
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Experimental Section for Chapter 4

General Method

All reactions were carried out under a nitrogen atmosphere. Dehydrated tetrahydrofuran (THF)
and diethyl ether were purchased from Kanto Chemical Co., Inc. and Wako Pure Chemical
Industries. Ltd. respectively, and used received. 'H NMR, °C NMR, and *'P NMR spectra were
recorded on JNM-LA400, JINM-LAS500, JNM-400s or JNM-ECA (400 MHz) spectrometer. In
both '"H NMR and “C NMR, chemical shifts are reported in parts per million downfield from
tetramethylsilane (TMS). *'P NMR chemical shifts are relative to 85% H,PO,. FT-IR spectra
were performed with Hitachi IR 215 spectrometer and recorded in the form of KBr disks or on
NaCl plates. Mass spectra were obtained by FAB or ESI. HPLC analysis was performed on a
Shimadzu LC10AD liquid chromatography system, and Hitachi High-Technologies Corporation
L-2450 liquid chromatography system with chiral stationary columns.

Arene tricarbonylchromium

Halobenzene (100 mmol) was added to a suspension of hexacarbonylchromium (2.2 g, 10 mmol)
in dry THF (5 mL) and dry dibutyl ether (50 mL) at room temperature under nitrogen. The
reaction mixture was stirred at 140 °C for 12 h, gradually turned into a dark yellow solution.
The resulting yellow solution was cooled to room temperature, and removed the unreacted
hexacarbonylchromium through the short column chromatography on celite, eluting with diethyl
ether. The solvent was removed under reduced pressure and washed with hexane to give arene
tricarbonylchromium as yellow solid.

Fluorobenzene tricarbonylchromium (16)

Yield 85%, yellow solid.

'"H NMR (CDCl;, 400 MHz, 25 °C) 8 4.79 (m, 1H) 5.26 (t, J = 4.9 Hz, 2H) 5.44 (m, 2H).

3C NMR (CDCl,, 100 MHz, 25 °C)$ 79.10, 78. 90 (J = 10.2) 86.05 (s) 93. 11,93.18 (J =7.5).

Chlorobenzene tricarbonylchromium (17)

Yield 97%, yellow solid.

'"H NMR (CDCl;, 400 MHz, 25 °C) 6 5.46 (s, 4H) 5.02 (s, 1H).
BC NMR (CDCl,, 100 MHz, 25 °C) 8 112.99, 93.11, 91.09, 87.98.

Bromobenzene tricarbonylchromium (18)

Yield 83%, yellow solid.

'H NMR (CDCl,, 400 MHz, 25 °C) 8 5.52 (d, J = 5.96, 2H), 5.36 (t, J = 6.00, 2H), 5.08 (t, J =
5.96).

3C NMR (CDCl;, 100 MHz, 25 °C) 6 93.84, 93.17, 92.77, 88.52.
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Difluorobenzene tricarbonylchromium (22)

Yield 31%, yellow solid.

Mp 111-112 °C.

'H NMR (CDCl,, 400 MHz, 25 °C)$ 5.01 (m, 2H), 5.58 (m, 2H).
IR (KBr) 1990, 1541, 1478, 1259, 1220 cm™.

FAB-MS: m/z 250 (M").

HRMS: m/z Calcd for C,H,CrF,Q;: 249.9534. Found 249.9554.

Dichlorobenzene tricarbonylchromium (23)

Yield 80%, yellow solid.

'H NMR (CDCl,, 400 MHz, 25 °C) § 5.64 (s, 2H), 5.17 (s, 2H).
>C NMR (CDCl,, 100 MHz, 25 °C) § 109.57, 91.86, 89.30.

Nucleophilic aromatic substitution (SyAr)

To a solution of nucleophiles in THF was added halobenzene tricarbonylchromium solution in
THF at —40 °C under nitrogen atmosphere, and the reaction mixture was stirred for
disappearance of the arene tricarbonylchromium (TLC monitoring). The reaction was
quenched with IM HCI aq. and the mixture was extracted with AcOEt three times. The
combined extracts were washed with saturated aqueous NaHCO,, water and brine, and dried over
NaSO,. The solvent was removed under reduced pressure, and the residue was purified by
cholumn chromatography on silica gel (AcOEt/hexane) to give the desired products.

(R)-Boranato(fert-butyl)methylphosphinobenzene tricarbonylchromium (19)

To a solution of (S)-tert-butylmethylphosphine-borane (259.6 mg, 2.2 mmol) in THF (2 mL) was
added sec-BuLi (1.0M cyclohexane and n-hexane solution, 2.2 mL, 2.2 mmol) at =78 °C under
nitrogen atmosphere. After stirring for 1 h, a solution of fluorobenzen tricarbonylchromium (16)
(242 mg, 1 mmol) in THF (3 mL) was added at —40 °C, and the mixture was stirred for 20 h at
intact temperature. The reaction was quenched with IM HCI aq., and the mixture was extracted
with AcOEt three times. The combined extracts were washed with saturated NaHCO,, water
and brine. The organic layer was dried over NaSO, and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel (AcOEt/hexane, 1:5) to give 19 as a
yellow solid.

Yield: 93%

Mp 156-157 °C.

[alp -12.7° (¢ 0.21, CHCly).

'H NMR (CDCl,, 400 MHz, 25 °C) § 0.41-1.31 (m, 3H, BH,), 1.22 (d, J = 14.6 Hz, 9H), 1.60 (d,
J =9.2 Hz, 3H), 5.09 (m, 1H), 5.18 (m, 1H), 5.46 (m, 1H), 5.61 (m, 1H), 6.02 (m, 1H).

’'P NMR (CDCl,, 400 MHz, 25 °C) § 32.59.
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IR (KBr) 3091, 2906, 2340, 1993, 1931, 1439, 1070 cm™".

FAB-MS: m/z 329 (M* -H).

HRMS: m/z Calcd for C,H,,BCrO,P: 329.0648. Found 329.0650.

The enantiomeric excess of 19 was determined according to the reported procedure.’

(R)-Boranato(cyclohexyl)methylphosphinobenzene tricarbonylchromium (20)

Yield: 81%

Mp 161-162 °C.

[aly —2.2° (75% ee, ¢ 0.57, CHCL,).

'H NMR (CDCl;, 400 MHz, 25 °C) § 0.41-1.31 (m, 3H, BH,), 1.22 (d, J = 14.6 Hz, 9H), 1.60 (d,
J=9.2 Hz, 3H), 4.76 (m, 1H), 5.25 (m, 1H), 5.54 (m, 1H), 5.71 (m, 1H), 6.00 (m, 1H).

*'P NMR (CDCl,, 400 MHz, 25 °C) § 32.59.

IR(KBr) 3090, 2340, 1993, 1931, 1439, 1060 cm™'.

FAB-MS: m/z 355 (M" -H).

HRMS: m/z Calcd for C,(H,,BCr O,P: 355.1022. Found 355.1032.

(R)-1-Adamantyl(boranato)methylphosphinobenzene tricarbonylchromium (21)

Yield: 86%

Mp 184-186 °C.

[a]p =26.3° (¢ 0.59, CHCI,).

'H NMR (CDCl,, 400 MHz, 25 °C) § 0.41-1.31 (m, 3H, BH,), 1.22 (d, J = 14.6 Hz, 9H), 1.60 (d,
J =9.2 Hz, 3H), 5.09 (m, 1H), 5.17 (m, 1H), 5.41 (m, 1H), 5.61 (m, 1H), 5.97 (m, 1H).

*'P NMR (CDCl,, 400 MHz, 25 °C) § 29.76.

IR(KBr) 3090, 2906, 2360, 1931, 1439, 1070 cm™.

FAB-MS: m/z 407 (M" -H).

HRMS: m/z Calcd for C,0H,BCrO,P: 407.1118. Found 407.1112.

2-(Boranato(fert-butyl)methylphosphino)fluorobenzene tricarbonylchromium (24A or 24B)
To a solution of (S)-tert-butylmethylphosphine-borane (26 mg, 0.22 mmol) in THF (0.2 mL) was
added sec-BuLi (1.0M in hexane solution, 2.2 mL, 0.22 mmol) at —78 °C under nitrogen
atmosphere, and the reaction mixture was stirred for 1 h. To this mixture was added
difluorobenzen tricarbonylchromium (22) (25 mg, 0.1 mmol) in THF (0.3 mL) at 40 °C, and the
mixture was stirred for 20 h at intact temperature. The reaction was quenched with 1M HCl agq.
and the mixture was extracted with AcOEt three times. The combined extracts were washed
with saturated NaHCO,, water and brine. The organic layer dried over NaSQO, and concentrated
under reduced pressure. The residue was purified by chromatography on silica gel
(AcOEt/hexane, 1:5) to give 24 as yellow crystal.

Yield: 24A=83%

Mp 162-163 °C.
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la)p =19.1° (¢ 0.19, CHCL,).

'H NMR (CDCl,, 400 MHz, 25 °C) § 0.41-1.31 (m, 3H, BH,), 1.22 (d, J = 14.6 Hz, 9H), 1.60 (d,
J =9.2 Hz, 3H), 476 (dt, J = 2.8, 6.4 Hz, 1H), 5.25 (dt, J = 1.8, 6.0 Hz, 1H), 5.54 (dq, J = 0.9,
5.0 Hz, 1H), 5.71 (m, 1H).

*'P NMR (CDCl,, 400 MHz, 25 °C) & 32.59.

IR(KBr) 3091, 2383, 1993, 1512, 1475, 1211 cm™.

FAB-MS: m/z 347 (M" —H).

HRMS: m/z Calcd for C,,H,BCrFO,P: 347.0479. Found 347.0485.

Yield: 24B=13.8%

Mp 161-162 °C.

[a]p =20.5° (¢ 0.22, CHCL,).

'H NMR (CDCl;, 400 MHz, 25 °C) § 0.31-0.95 (m, 3H, BH,), 1.21 (d, J = 14.6 Hz, 9H), 1.73
(dd, J = 2.7, 10.3 Hz, 3H), 4.84 (dt, J = 3.1, 6.3 Hz, 1H), 5.18 (m, 1H), 5.70 (m, 1H), 6.11 (m,
1H).

*'P NMR (CDCl,, 400 MHz, 25 °C) & 32.94.

IR(KBr) 3089, 2384, 1993, 1513, 1475, 1211, 1070 cm™.

FAB-MS: m/z 347 (M" —H).

HRMS: m/z Calcd for C,,H,;BCrFO,P: 347.0479. Found 347.0498.

Deboranation of 24

A mixture of 2-(boranato(tert-butyl)methylphosphino)fluorobenzene tricarbonylchromium (24)
(34.8 mg, 0.1 mmol) and N-Methylpyrrolidine (1 mL, 10 mmol) was stirred under nitrogen
atmosphere at room temperature for 3 h. The solvent was removed under reduced pressure, and
the residue was purified by column chromatography on silica gel (AcOEt/hexane, 1:5) to give 2-
(tert-butyl)methylphosphinofluorobenzene tricarbonylchromium (28) as yellow solid.

Yield: 90%

'H NMR (CDCl;, 400 MHz, 25 °C) § 1.04 (d, J = 12.4 Hz, 9H), 1.32 (d, J = 5.5 Hz, 3H), 4.84 (m,
1H), 5.30 (m, 1H), 5.47 (m, 1H), 5.59 (m, 1H).

*'P NMR (CDCl;, 400 MHz, 25 °C) 8 -21.0 (d, Jp = 16.0 Hz).

Oxidation of 25

The solid of 2-(tert-Butyl)methylphosphinofluorobenzene tricarbonyl-chromium (25) was little
oxidated to phosphineoxide (26) under air atmosphere for 7days (Yield 5%).

Yield: 5%.

'"H NMR (CDCl,, 400 MHz, 25 °C) 8 1.22 (d, J = 14.6 Hz, 9H), 1.60 (d, J = 9.2 Hz, 3H), 4.76 (m,
1H), 5.25 (m, 1H), 5.54 (m, 1H), 5.71 (m, 1H).

*'P NMR (CDCl;, 400 MHz, 25 °C) 8 49.78.
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(tert-Butyl)methylphosphino-2-methylbenzene tricarbonylchromium (27)

To a solution of 2-(tert-butyl)methylphosphinofluorobenzene tricarbonyl-chromium (25) (16.7
mg, 0.05 mmol) was added methyllithium (IM, 0.1 mL, 0.1 mmol)or methyl magnesium
bromide (1M, 0.1 mL, 0.1 mmol) under nitrogen atmosphere for 20 h at -40 °C. The mixture
was quenched with IN HCI aq. and the mixture was added to AcOEt. The organic layer was
extracted with AcOEt three times. The combined extracts were washed with saturated NaHCO;,
water and brine. The organic layer dried over NaSO,. The solution was removed under
reduced pressure, and the residue was purified by chromatography on silica gel (AcOEt/hexane
=1:5) to give 27 as yellow crystal.

Yield: 90%.

'H NMR (CDCl,, 400 MHz, 25 °C) § 1.17-1.21 (d, J = 15.7 Hz, 9H), 1.73-1.76 (d, J = 11.6 Hz,
3H), 2.67 (m, 3H), 4.87 (s, 1H), 5.23 (s, 1H), 5.68 (s, 1H), 6.11 (s, 1H).

*'P NMR (CDCl,, 400 MHz, 25 °C) § -20.8.

1-Boranato(fert-butyl)methylphosphino-2-methylbenzene

To a solution of 2-(tert-butylmethylphosphino)fluorobenzene tricarbonylchromium (25) (16.7
mg, 0.05 mmol) in THF (1 mL) was added 1.0 M of methyllithium (0.1 mL, 0.1 mmol) or 1.0 M
of methylmagnesium bromide (0.1 mL, 0.1 mmol) under nitrogen atmosphere for 20 h at —40 °C.
The reaction was quenched with 1 M HCI aq., and the mixture was extracted with AcOEt three
times, and the combined extracts were washed with saturated NaHCO;, water, and brine, dried
over NaSO,. The solvent was removed under reduced pressure, and the residue was dissolved
in THF (1 mL). To this solution was added borane-tetrahydrofuran complex (1.0 M, 0.15 mL,
0.15 mmol) under nitrogen atmosphere at 0 °C, and mixture was stirred for 3 h. It was purified
by chromatography on silica gel (AcOEt/hexane, 1:5) to give 1-boranato(rerz-butyl)methyl-
phosphino-2-methylbenzene as awhite solid.

'H NMR (CDCl,, 400 MHz, 25 °C) § 0.40-1.10 (m, 3H), 1.11 (d, / = 12.3 Hz, 9H), 1.43 d, J =
9.2 Hz, 3H), 2.67 (s, 3H), 7.15-7.19 (m, 2H), 7.32 (m, 1H), 7.50-7.53 (m, 1H).

>'P NMR (CDCl,;, 400 MHz, 25 °C) § 33.5.

IR(KBr) 2977, 2370, 1604, 1474, 1215, 1080, 884 cm™.

FAB-MS: m/z 207 (M" -H).

HRMS: m/z Calcd for C,,H,,BP: 207.1474. Found 207.1482.

1-Boranato(fert-butyl)methylphosphino-2-butylbenzene (28)

Yield: 75%.

'H NMR (CDCl,, 400 MHz, 25 °C) § 0.40-1.12 (m, 3H), 0.95-1.00 (m, 1H), 1.03-1.06 (d, J =
12.3 Hz, 9H), 1.08-1.37 (m, 6H), 1.31 (d, J = 5.5 Hz, 2H), 7.11-7.18 (m, 2H), 7.31 (m, 1H),
7.52-7.54 (m, 1H).

3'P NMR (CDCl;, 400 MHz, 25 °C) § 32.20.

IR(KBr) 3080, 2377, 1439, 1211, 1070, 885 cm™.
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FAB-MS: m/z 249 (M* <H).
HRMS: m/z Calcd for C,sH,,BP: 249.2022. Found 249.2026.

2-(2-Boranato(tert-butyl)methylphosphinophenyl)butane (29)

Yield: 24%.

'H NMR (CDCl,, 400 MHz, 25 °C) § 1.03-1.06 (d, J= 12.36, 9H), 1.36-1.38 (d, J = 7.32, 3H),
1.79-1.83 (m, 3H), 1.94 (m, 2H), 2.16 (s, 1H), 2.76 (m, 3H), 6.86 (m, 1H), 7.03 (m, 1H), 7.24-
7.43(m, 2H).

*'P NMR (CDCl,, 400 MHz, 25 °C) § 33.02.

1-Boranato(tert-butyl)methylphosphino-2-cyclohexylbenzene (30)

Yield: 69%.

'H NMR (CDCl;, 400 MHz, 25 °C) § 0.43-1.12 (m, 3H), 0.83-0.91 (m, 3H), 0.97-1.01 (m, 2H),
1.11 (d, J= 12.3 Hz, 9H), 1.34 (d, J = 7.3 Hz, 3H), 1.45-1.51 (m, 2H), 1.67-1.83 (m, 4H), 6.89
(dd, J = 8.8 Hz, 1H), 7.07-7.12 (m, 1H) 7.43-7.46 (m, 1H) 7.52-7.54 (m, 1H).

*'P NMR (CDCl,;, 400 MHz, 25 °C) § 33.42.

IR(KBr) 3353, 2962, 2340, 1604, 1148, 1070, 817 cm™".

FAB-MS: m/z 275 (M -H).

HRMS: m/z Calcd for C,;H,,BP: 275.2100. Found 275.2118.

1-Boranato(tert-butyl)methylphosphino-(2-phenylthio)benzene (31)

Yield: 40%.

Mp 113-114 °C.

[a]p =13.5° (¢ 0.16, CHCIl,).

'H NMR (CDCl;, 400 MHz, 25 °C) § 0.40-1.12 (m, 3H), 1.13 (dd, J= 14.7, 2.8 Hz, 9H), 1.81 (dd,
J = 12.8, 2.8 Hz, 3H), 6.84-6.88 (m, 1H), 6,99-7.12 (m, 2H), 7.29-7.33 (m, 1H), 7.42-7.54 (m,
2H), 7.69-7.72 (m, 1H), 7.97-8.01 (m, 2H).

*'P NMR (CDCl,, 400 MHz, 25 °C) § 30.12.

IR(KBr) 2361, 1604, 1148, 1080, 883 cm™'.

FAB-MS: m/z 301 (M" -H).

HRMS: m/z Calcd for C,;H,;BPS: 301.1454. Found 301.1476.

1-Boranato(tert-butyl)methylphosphino-(2-tert-butylthio)benzene (32)

Yield: 55%.

Mp 121-123 °C.

[a]p —18.2° (¢ 0.76, CHCI,).

'H NMR (CDCl,, 400 MHz, 25 °C) & 0.41-1.10 (m, 3H), 1.07 (d, J= 14.7 Hz, 9H), 1.25 d, J =
6.0 Hz, 9H), 2.12 (d, J = 13.3 Hz, 3H), 7.45-7.54 (m, 2H), 7.65-7.72 (m, 2H).

*'P NMR (CDCl;, 400 MHz, 25 °C) § 25.22.
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IR(KBr) 2379, 1602, 1461, 1070, 878 cm™.
FAB-MS: m/z 281 (M* -H).
HRMS: m/z Calcd for C,sH,,BPS: 281.1664. Found 281.1667.

1-Boranato(tert-butyl)methylphosphino-(2-phenylseleno)benzene (33)

Yield: 52%.

Mp 87-89 °C.

[a]p =9.2° (¢ 0.15, CHCL).

'H NMR (CDCl;, 400 MHz, 25 °C) 8 0.39-1.10 (m, 3H), 1.15 (d, J= 15.6 Hz, 9H), 1.81 (dd, J =
12.8, 2.8 Hz, 3H), 6.83-6.88 (m, 1H), 7.04-7.12 (m, 2H), 7.51-7.56 (m, 2H), 7.65-7.71 (m, 2H),
7.95-8.03 (m, 2H).

>'P NMR (CDCls, 400 MHz, 25 °C) & 37.20.

IR(KBr) 2374, 1604, 1470, 1080, 883 cm™'.

FAB-MS: m/z 349 (M" -H).

HRMS: m/z Calcd for C,,H,;BPSe: 349.0796. Found 349.0811.

1-Boranato(tert-butyl)methylphosphino-2-cyanobenzene (34)

Yield: 91%.

'H NMR (CDCl;, 400 MHz, 25 °C) & 0.39-1.11 (m, 3H), 1.19 (d, J= 16.0 Hz, 9H), 1.82 (dd, J =
12.8, 2.8 Hz, 3H), 7.06-7.12 (m, 1H), 7.29-7.33 (m, 1H), 7.50-7.54 (m, 1H), 7.97-7.99 (m, 1H).
>'P NMR (CDCl;, 400 MHz, 25 °C) 6 34.49.

IR(KBr) 2380, 1604, 1470, 1080, 883 cm™".

1-Azide-2-boranato(tert-butyl)methylphosphinobenzene (35)

Yield: 68%.

'H NMR (CDCl;, 400 MHz, 25 °C) § 0.40-1.10 (m, 3H), 1.20 (d, J= 16.0 Hz, 9H), 1.82 (dd, J =
12.8, 2.8 Hz, 3H), 7.08 (m, 1H), 7.29-7.33 (m, 1H), 7.51-7.54 (m, 1H), 7.97 (m, 1H).

3'P NMR (CDCl;, 400 MHz, 25 °C) § 27.30.

IR(KBr) 2340, 1604, 1477, 1148, 884 cm™.
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