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Development of Efficient H-D Exchange Reactions Catalyzed by Heterogeneous
Platinum-metals

Yuta FUITWARA , Hironao SAJIKI®

Abstract: Deuterium labeled compounds have widely been used in a variety of scientific fields, such as analysis of drug metabolism,
investigation of chemical reaction mechanisms and so on. The hydrogen-deuterium (H-D) exchange reaction, which is a catalytic
substitution of hydrogen atoms on organic molecules with deuteriums using deuterium sources such as D, or D,0O, is a
straightforward method to prepare the deuterium labeled compounds. However, conventional methods require the use of expensive
D, gas, high temperature and/or pressure, or strongly basic conditions and so on. To overcome such drawbacks, we have recently
established the H-D exchange reaction using Pd/C in D,O under H, atmosphere, which can easily access various multi-deuterated
aromatic compounds, ketones and alcohols. Inspired by these discoveries, we examined the H-D exchange reaction of simple alkanes
possessing no functionalities based upon the C-H activation. As a result, it was found that Rh/C could efficiently catalyze the
multi-deuteration of inactive alkanes under nearly atmospheric conditions. Additionally, we also developed a unique and
regioselective deuteration method at the a-position of alcohols using Ru/C-H,-D,O combination.

Key phrases: Deuterium labeled compounds, H-D exchange reaction, C-H bond activation, Rh (Rhodium), Ru (Ruthenium)
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Scheme 2. Plausible mechanism.
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Table 1. Examination of platinum group metal catalysts®

Catalyst, H, (1 atm), D,O

CH3(CH,)10CH3 CD3(CD3)10CD3
1 160 °C, 12 h, sealed tube 1-D,
b D content (%)°
Entry Catalyst CD3(CD5)14CDs
1 10% Pd/C (10 wt %) 57 61 57
2 10% Ru/C (10 wt %) 2 14 12
3 10% Ir/C (10 wt %) 45 34 45
4 10% Rh/C (10 wt %) 80 81 80
5 5% Pt/C (20 wt %) 18 18 18
6 5% RW/ALO; (20 wt %) 0 0 0
74 RhCly3H,0 (1.6 mol%) 0 0 o0
8¢ 5% Rh/C (20 wt %) 91 90 91

*The H-D exchange reaction of 0.5 mmol of n-dodecane was
carried out in 2 mL of D,O at 160 °C under an H, atmosphere. °
Entries 1-4: Catalysts were obtained from N.E. Chemcat. Co.
Entries 5-8: Catalysts were obtained from Sigma-aldrich. Co. ¢
The D content was determined by the '"H NMR analysis.
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Table 2. H-D exchange reaction of various linear alkanes using
5% Rh/C-H,—D,0 combination®

5% Rh/C (Aldrich, 20 wt % of substrate)
H, (1 atm), D,O (2 mL)

Substrate Substrate-[Dy]
(0.5 mmol) 160 °C, 12 h, sealed tube
Entry Substrate D content (%) Yield (%)°
| n-Dodecane CD;(CD;),0CD3 76
(1,C1oHa) 91 90 91
5 n-Pentadecane CD5(CD3)5CD; 93
(2, C5Hzy) 92 92 92
3 n-Eicosane CD5(CD,),5CD; 93
(3, CyHy,) 87 90 87
4 CD3(CD2)26CD3 99
n-Octacosane 63 63 63
sie (4, CysHsg) CD;(CD2)26CDs 100
95 94 95

* Unless otherwise noted, the H-D exchange reaction of 0.5
mmol of alkane was carried out with 5% Rh/C (20 wt % of the
substrate, Aldrich) in 2 mL of D,0 (99.9% D content) at 160 °C
under an H, atmosphere for 12 h. ® The D content was
determined by the '"H NMR analysis. ¢ Isolated yield. ¢ 0.25
mmol of the substrate was used. ¢ The reaction was carried out
for 24 h.
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Scheme 3. H-D exchange reaction of various branched alkanes
using 5% Rh/C—H,-D,0 combination
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Scheme 4. H-D exchange reaction of various cyclic alkanes
using 5% Rh/C—H,~D,0O combination
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Table 3. Effect of co-solvent®

5% Rh/C, H,, D,O, Co-solvent

CH3(CT;)34CH3 160 °C, 24 h, sealed tube CDS(C?;?SD‘fDE'
D content (%)
Entry Co-solvent CD5(CD,)3CD;
1 None 43 41 43
2 THF 16 9 16
3 MeOH 19 24 19
4 Toluene 28 30 28
5 CHCl, 13 25 13
6 1,2-Dichloroethane 37 40 37
7 Cyclohexane 93 94 93

 Unless otherwise noted, the H-D exchange reaction of 0.1
mmol of n-hexatriacontane was carried out with 5% Rh/C (20
wt % of the substrate, Aldrich) in 1 mL of D,O and 0.1 mL of
co-solvent at 160 °C under an H, atmosphere. ® The D content
was determined by the "H NMR analysis.
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Scheme 5. H-D exchange reactions using Rh/C-H,-D,0-
cyclohexane combination®

* The H-D exchange reaction was carried out with 5% Rh/C
(20 wt % of the substrate, Aldrich) in D,O and 0.1 mL of
cyclohexane at 160 °C under an H, atmosphere. ° Results
without cyclohexane are indicated in the parentheses.
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Scheme 6. H- D exchange reactions using Pd/C-H,-D,0-
cyclohexane combination®

* The H-D exchange reaction was carried out with 10% Pd/C
(10 wt % of the substrate, Aldrich) in D,O and 0.1 mL of
cyclohexane at 160 °C under an H, atmosphere. ® Results
without cyclohexane are indicated in the parentheses.
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H
) D DHO Rh«x{ 2
Rh E
/"‘ \ ‘7\\‘ H I'! |;|
DD D Rh
R-Rh-H D-Rh-OD ) D20
D,0 (excess)

(H-D exchange >\>\/(excess) HH
DH Rh

) K H p\/D—Rﬁ—OD
R-Rh-D Rh F
K S G%
DHO
u\’ HD
Rh

J

R-D

Scheme 10

Z T, Dy FANEBEEKFRE U TH < "lRBME % feid
T 5720, D, FHR T 2 % 5% Rh/C fitf & & & (cEHE
160 °C T 12 BB L7 & 25, BRIV L oD FEK
FAVSRMNHETT L7= (Scheme 11), ft> T, ARIHSDEK
FIEMN D, HATH Y Scheme 10 12737 S isis THEIT L
TV D ATREMEDS IR < 7RI X u7z, Scheme 11 DFRFT D 1k
BPREPo 2B E LTI, BARBHTH D & & b I
ThdH D D0 BIFEELRNT & THEIRN/ELET
L7z k. Scheme 10 (2R L7 il 1 7 V3[R L7227 »
7l ThDHEBZZTND,

5% Rh/C (10 wt %)
D, (1 atm), neat

160 °C, 12 h, sealed tube

CH3(CH3)13CH3
2
(0.5 mmol)

Scheme 11

CD3(CD,)13CD3
29 27 29

WIZ 5% Rh/C filit & filtt & U7z D,0 ¢ 2 OFEAF{L
% Hy & 5 WL Dy 2P TRET Hifg L7z & 2 A D
{LRICEBEZITZR O bR hr- 72 (Scheme 12), Scheme 10
DS A 7 NATFEDSNTELE T 5 L, WEIEO D0 H
FFAETIUL Dy HADBERLT D I~ R K E Wb 7z
B, RhSR (B) & 250 IE Rh g5 (D OWT s KIS
ZRBLTS DALRIIHLLL 2D FTTHD, E-TZ
NS DORERIL, Scheme 10 OEME THEHKFZLASHEIT L T
52 EMEMCGE LT 5,

5% Rh/C (10 wt %)
gas (1 atm), D,O (2 mL)

160 °C, 12 h, sealed tube

CD3(CD,)15CD3
59 62 59 (H,gas)
53 60 53 (D,gas)

CH3(CHy)13CH3

2
(0.5 mmol)
Scheme 12

7. Ru/C-H,-D,0 DA EhEIZLSH7Ia—IL
DEKFRERELRE

KEEFEBRENT (afiT) DOKFFT & EARBF I SHT
BofrEIRAY H-D R IGIEE < OB TH AN D
LTV, FHlZ1E, 'THNMR 227 FREMLEN D
7250 EMIEVEW B S ORET N E S e p P, &
7o, EARRFFEAC LB FEMESREEFRIH LT C-H #E
AORHIBISHTEZENTED D, LaLenb, o
NETIZHE SN TV DB H-D S D% <
BER - BERERC~A 70y 2 —T %5 WVITBE I OME
MAENELT 5, o T, BRASGMET TEmVy D LN
15 505 of IR H-D ZZHSUS DOBRFE N L EINL TN D,

EF OWF525%E Tld PA/IC-H,-D,0 ZHAE b=k
TR T L3 — R0 A b D% K SRR AR AL SRS D
MAZEFIL TS P, ZOFFRIEE T, Rw/C Al A
TH BT NV a—VEEKRFET D & KRIBRIEES T
TEWDAIEERNELND Z &2 50 & L7z (Scheme 13),

OH

OH 5% Ru/C, H, (1 atm) )\/\/\/\/ 4
M > 97 gg
D,0, 160 °C, 24 h —

25
Isolated yield 98%
*The number indicates D content (%)

Scheme 13

FHREIRISRMEZRMICT 2 28 T a— A OafiL D
ERIRICEKFRIER CTED LD LEBEXRICEF LT,
£9 Ru/C filfliE T, 2-5 0 7 —/v (14) OEKF(LG
WA T BUSIREE D% 78 L 7 (Table 4), & DFER,
R, 3 R CofnBEIRAEARFLED EEICHEITT
HZEBRHLMNERST (Batry2), S0°CIZHBET A2 &
T 1R THRW S DILERSE LA (Entry 3), 80
°C &HDUME 110 °C TldofrLSh o C-H b EAFZ LI LD
ZENbinoT= (Entries 4 and 5), BMENZ L2, 20D
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H/AKFELRGIE Ru/C I R R 22 )G TH D . Pd/C,
Rh/C. Ir/C. PYC & 5T Au/C TIXEAKFEITA L T
B RIEFR D 14 23EBMIZAIL S 7z,

Table 4. Effect of temperature on the H-D exchange at the
a-position of secondary alcohol®

OH 5% Ru/C, H,, (1 atm) OH
)\(\/ﬁ D,0, 1h /)\b/)?

D
14 14-D
Entry Temperature (°C) D content (%)
1 rt 34
2° rt 97
3 50 94
4 80 94
5¢ 110 97

*The H-D exchange reaction of 0.5 mmol of 2-decanol was
carried out with 5% Ru/C (20 wt % of the substrate, N.E.
Chemcat. Co.) in 2 mL of D,O under an H, atmosphere. ®The
D content was determined by the 'H NMR analysis. © The
reaction was carried out for 3 h. ¢ Deuteration were slightly
observed at other positions.

8. Ru/C-H,-D,0 DA EDHEICL BIBHKETIL
O—I)L Dot BIRMEKFRERL RIS

Ru/C-H,-D,0 & #A4 ¥ 7= H-D ZZH s D — ek &
WSt < | BEARE JMT L a—1LD o fORRE) H-D
U S Et L7z (Scheme 14), 2-F4 /—/ (14) %

OH 5% Ru/C (K type, N. E. Chemcat, 20 wt %), OH
H, (1 atm) _
R R, D,0 (2mL), 50°C, 3h R [ Re
OoH OoH OH oH
My Aok W O<D
97D V77 100 D 100D 94
87% yield® 99% yield 94% yield 72% yield®
14 15 16 17
@Aﬁ
Not determined HO
18 No reaction
19

Scheme 14. Regioselective H-D exchange reaction at the
a-position to hydroxyl groups in secondary alcohols using the
5% Ru/C-H,-D,0 combination®

* The H-D exchange reaction of 0.25 mmol or 0.5 mmol of
secondary alcohols was carried out with 5% Ru/C (20 wt % of
the substrate) in 2 mL of D,O under an H, atmosphere. The D
content was determined by the 'H NMR analysis. ° The reaction
was carried out at room temperature. ¢ Deuterations were
slightly observed at other positions.

EEE LIEGEICEERTHRLSET LI LT,
2-AFYTH ) —L (15), T-ZF)V2-AF)N-4-0 T
J—= (16), HbBWFvrursz ) — 17) OBAE
IZ1E 50 "CITINRT 2 Z & T, of 3R D E AR

RFALZERT D2 ENTEZ, —FH, D FNICHFERE
BT 5 4-72=2-7% 7 —b (18) TIEEHFRDEIT
FOSHHET LT, £70, BOREVWAT B A FEEZFDB-
2L X% — (19) OEAKFENMIL, 110°C ~DOFHIE, &
AR )= R 7 a~FY o DU E R T2 34 < AT

LZghodz, 19 O X 51T m < EORE WIEITIGM: R
WX 2 EENMERN O EABLI IS WE D L HE
2L TW5,

WIS — R T L 21— L D ofor 4R B Bk SRR
ZRE LTz, |ETI1-F4 7 —L (20) OEAKFELERSR
7o & Z A (Table 5), DAE=R1T 36 FEfl# T 81% ThH -7
725 (Entry 1), SRSV D AERAm EL, 80°C, 24 FF

Table 5. Regioselective H-D exchange reaction at the
o-position to hydroxyl groups in primary alcohols using the 5%
Ru/C-H,-D,0 combination®

5% Ru/C (K type, N. E. Chemcat, 20 wt %),

H, (1 atm) . Rp
HOM D,0 (2 mL), Temp, 24 h B HOM
20 20-D
Entry Temperature (‘C) D content (%)
1° It 81
2 50 94
3 80 99

* The H-D exchange reaction of 0.5 mmol of 2-decanol was
carried out with 5% Ru/C (20 wt % of the substrate, N.E.
Chemcat. Co.) in 2 mL of D,O under an H, atmosphere. ° The
D content was determined by the 'H NMR analysis. ¢ The
reaction was carried out for 36 h.

5% Ru/C (K type, N. E. Chemcat, 20 wt %),

H, (1 atm) D D
VS >
HO™ 'Rj D,0 (2mL), 80 °C, 24 h HO™ ™Rs
99 100 98
D D D D oD )
S ST e SN
95%2)(;ie1d 95%2:'ield 100% yield 78% vield
22 23
97 100 82
75
D D D)& - pDp DD bD DD
HO 8h17
HO HO><(\/))<OH W
[ ] AN .4 HO s OH
86% yield 90% yield 90% yield 89% yield
24 25 26 27
97 OH
D D HO OH
HO&OH DD b DD
DD 98
100% yield 100% yield
28 29

Scheme 15. Regioselective H-D exchange reaction at the
a-position to hydroxyl groups in primary alcohols using the 5%
Ru/C-H,—D,0 combination

Al CofiL D72 E BN EAKFLS 5 Z L3 TE 72 (Entry
3). [FARRICHR 2 2 BRI S — T /v = — )L Daf L3R A E
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B R ) H-D A2 4 SIS I B3 % bF %2

KFEALDS 80 °C THIFE L <HEIT L, 1 EFERMICEAKFIE
WA RS Z LN TE (Scheme 15), & 51T, 1,6-~F
oA —n (26) X LI0-THU VAL 27) DL
RUF—NVHEERE L LIZGEICh, o3 ghE X < EK
Fleshic, B TNOERFEPKEBEONIRY T 5
FLrr7Ya—n (28) 7V (29) OEEITITE
EHL HEAKRFAET LT,

9. ZNa— Dol RN H-D 3 F IS0 K IEHE

T3 — L Do R H-D AZH & OREREIF I &
720 KRFEPRITHHEZFEMMGT LIz A, T
VEMRAT T 2-T 0/ — (14) OFEAFEITEL EIT
L7anolz, 56> T, ARINTITIKEORMB LA TH S
ZEMHHBMNE 2572 (Scheme 16),

OH

5% RU/C (20 wt %), Ar, D,O (2 mL)
)\(\Y No reaction
13 50°C,3h
(0.5 mmol)
Scheme 16

HHEIZEAIND, T7bb H-D RIS OFEAKFZI &
LTCIE (1) D, H A (Hy-D,0 ] Ru/C fiiif) Hy-D, A5k
Bz &0 R 220 e . (2) D0 D2OBREZ LD,
EARFIED D, H AR BIE, VEOKRFEFTIE DT
DDA ED Dy HANER L7225, D LA
FEIKTT 5, —F. D0 NS EBEI~FEKRZENGE S
D72 bR & O KSE T H EARFRLBNE X HEITT
21T ThHD, Tk FERMICHERET 5729, 5% Ru/C
(15.8 mg, 14 {Zx LT 20 HE%) % D,O (2 mL) H,
H, RBHAT 50 °C T 30 A PRI L THh 6, RO H,
HAET T TEEET D 2 & TIEMIC K E A2k (fil
W) DR % Ru RIS ST, ZOKIGRIZ 14 (95.7
uL, 0.5 mmol) Z¥RML 50 °C T3 B L& 25,
91%D DILFET14-D BHELNDL L L BITT L a—hb
@ Ru/C fitlEIBKFALIEIZ £V AR L7 &D 7 b
& (30) 23R &7~ (Scheme 17), THE TORJGITAK
REFALX T CHRALTEBY AR LT bR T L a—
NABIEEIZETE SN D TeD, 30 T2 2 &R T&ER
MolebDEBEZTWD, ZNHDORRNLT La—LD
ikFEL (k) Ik VAR LT hUBRNO HyD,
L CHET D D, ALK VBTSN Cofi N EKRFEL
ENDAH=A2L (Scheme 18) THEITLTCWVDH LD L)
EONLRLTW, LasL, 7TAIVFERA T, $742bb D,
TAPRFEA LR THEAFEPDRITETT S L
EEET D& BB E N LI SUSHERE O Al RE RIS E
IND, 16T D0 H 6 EFENIZEKRZNEREE I T
LZEEXFFLTCND,

OH
14 7
(0.5 mmol)
OH 0
5% Rwc _Hz (1atm). D0 2 mL) A N Mo
(20 wt %) 50 9C, 30 min 50°C. 3 h et o
91% D trace
14-D 30
Scheme 17
_RuH OH

Dehydrogenation

o
R/*\R'

R
RU/C + Ha f H N/ H
o
1 o
R7OR S ReD
Aqueous
oD
Ru + H2_>D:Ru ,&) R%\R, % _workup __ OH
+D,0 D D R - R -
Deuterogenation D

Scheme 18

WIZ, AR H-D AN 31T B KR EE D% % 0~
14 ZAFVz—T b L7z (31) ZIE L L THEKFEL
Lick ZA, EARIFESHEAINRD ST, o T, K
FOGS OHEATICII KB EDIFENMETH D Z &0 B0
L 72 o7 (Scheme 19), /KFEHEITALMEL (Directing group)
& LU TEAIANRIZ L D Ru % 5] & oS i) H-D 22t
HHERLELTNDIHEDEEX TS, 31 OEKFLOH
HITIE A F N EEOSRREEIZ X0 BRFEF T O Ru ~DFET
DE S, EARFEBHET Lish o 72 & B 2 UGB
I T&E %,

OMe
)\M/ 5% Ru/C (20 wt %), H, (1 atm) )
7 No reaction
31 D,O (2mL),50°C,3h
(0.5 mmol)
Scheme 19

WIC. H,0 H1 50 °C ARG F. 5% Ru/C 2l & L
TEFEE R) - () 2-7 07— (32) % 3 Wik
L7c& ZA T8 b3 EIT L7z (Scheme20), 2D 7 &3
(1% C-H REATEIEL (C-H A5 AN A4 LTS
TTLTWD Z & 2 MBI /R ThH 2,

HO H
)\(\Y 5% RU/C (20 wt %), H, (Latm)  HQ H
3 H,O (2 mL), 50 °C, 3 h 7
(0.5 mmol)
97% ee (R:S=98.5:1.5) 1.8% ee
Scheme 20

PlE. KEEDOA D=L U TOLHICEEL-
(Scheme 21), FTIKFEOWAEIZ L o THEMHEIL S 4072 0 1M
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Ru 7% D0 DEFRFEFICL DB AT D, 2@ 0 i Ru
SR (A) 1TV a— )V OERIFEHBENL L Ru sk (B)
BT D, 5K B ORI LV 7L a3 — Lot /KE DR
PEEEAA LT b bafid C-H A MNEMIL E 5,
Z D C-H #4612 Ru 23 (LA INT % Z & T 2 i Ru #5{4&
(C) BERK L., 431N H-D RS (C—D), eI
#t (D—E) & CofiANRINMICEKFER S =T v 2
—/L& 0 il Ru $81% (E) »560 5, FEW\T E 23 DHO
EARFEEFRHT B Z & TR 7 A 5ERET B, ARG
TIHBAHETARE AN TV D20, KEEE EOTEEEKSE
AFF0F HICE#E SN D 72 O o BRIRAIC K R
fLENTE=T N a—unERkT 5,

oD

o R4\R'

\Rzu,, D
oD
RLR p Rﬂ\R'
R

/
quu‘um\?
HmHmD

H-D exchange

Ru
P
Hy''RuO —\'> szmRumo\

j;DHo
| g H

D oD OH

D ageous workup
Rﬂ\R' - R4\R'

Scheme 21

10. %R

ARHFFE CTIE Pd/C-H,-D,0 DA A I L 5 H-D #3H#
RGO 7B & LT UIEM b E &< ZT Ty C-H
A, TRbLEMT LI D Yy ARFE (RWC) filfi
WX B3R ZEEAFLERH LS L FiEE L
THESL LT-, £7-. VT =T LfRE (RW/C) Zfblll42%
&L BVIRT v a— VKRR BT D kR (ofin) 23
NERIRICEARFL SN D Z 20 TRE L, 2h
HITHEKBROH Tl b 22 EAREZHEHT 5 & &b,
BN - FEFILA FTRR 70 A ) — R AR & WAL Th B,
SHIIFEFEDOHMSM T, AE L4 DO T
BRI T 2 OB CTRISHETT 2 Z &0 IBEVWHRT
DA IND, Flo. ARUGE C-H &G OIEMEAL
ZALTHEIT LTV D7D, Bt N, ARATEE
C-H 5548 2 RAITIFMEL L7255 & LT b BLBRGEV, A
TRGE AR R FAERA L S OB SR D A 70 597, HAK
FUSN DR (FHER) 27 VB ICEAT S C-HIE
MALZ IS LT85 LW TRBOBRRBICKE S BT S H 0
EHIfFEN D,

11. B

AWFFEICB L T4 OB ELEIME LBV £ LIIKE
PR FAIFAC PRI AP TEE - PR R HEH
BRI KRR FEMBSET S VT 4 2T 07T 4 -
A SRR B ISR E R D E 2R LET, £z,
ARWFIEEMRIT TV i T E £ L 72l BRI
(LR E AL L £,
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