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An efficient catalytic system for selective deuteration of terminal olefins using D,O as the deuterium
source has been developed. A series of osmium hydride complexes of the type OsHX(CO)(PRs),(L) (where
X represents halides) has been evaluated as catalyst precursors for H/D exchange between olefins and
D,0O. The catalytic activity of the complexes was found to depend on the ligands present. Among the
complexes tested, the OsHI(CO)(PPhz)s complex exhibited excellent catalytic activity for the hydrogen—
deuterium (H/D) exchange of terminal olefins with D,O, especially in the presence of acetic acid. The
system shows high selectivity for deuteration at terminal double bonds over internal ones. It can catalyze
H/D exchange reactions of olefins without causing isomerization and can induce selective H/D exchange
at the methine carbon (=CHR) over the methylidene carbon (=CH,) for substrates RCH=CH, with a
bulky substituent R. Additionally, these reactions can be performed on substrates with various functional
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Introduction

Deuterium labeled compounds are of prime importance in
various fields, including life science/drug discovery," materials
science,” and analytical chemistry,®> due to the unique pro-
perties deuterium imparts to molecules. Consequently, the
development of reliable and efficient methods for producing
deuterated organic compounds is of great interest and has
been actively pursued in both academic and industrial
laboratories.*”> The production of deuterated olefins is particu-
larly in demand, as functionalized olefins are found in
natural products, synthetic drugs or bioactive molecules.®
Additionally, deuterated olefins serve as useful building blocks
that can be transformed into various deuterium-labeled func-
tional materials.

A common approach for obtaining deuterium labelled
olefins involves conventional multistep chemical synthesis
methods using deuterated precursor reagents. Examples
include reductive deuteration of alkynes,””® deuteroisomeriza-
tion of 2-butynes,” and deuterodehalogenation of
alkenylhalides.'®™* An alternative approach is to use direct
hydrogen isotope exchange (HIE) reactions of olefins with
appropriate deuterated sources. The latter approach could
potentially be simpler to conduct and more cost-effective than

Department of Chemistry, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, P.R. China. E-mail: chjiag@ust.hk
tElectronic supplementary information (ESI) available. CCDC 2433118 for 6d
and 2415812 for 18a. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d5q000563a

This journal is © the Partner Organisations 2025

groups, making this system useful for selective labeling of olefins in complex molecules.

the approach involving multistep synthesis with labeled
reagents. The process can be promoted by catalysts based on
acids™®/bases,'* enzymes'® and metal complexes.

Catalytic systems based on transition metal complexes are
especially attractive and have received significant attention
because their properties can be more easily tuned. H/D
exchange reactions of olefins have been achieved with deuter-
ium sources such as D,, C¢Dg, CD;COCD;, CD;0D and D,O
and with complexes of iridium,"®"” rhodium,"®* iron,*
ruthenium,”™**  cobalt,”® palladium,** platinum,”® and
manganese.

Despite impressive progress, there is still a need to develop
efficient catalysts for controlling or improving selectivity in
metal-catalyzed H/D exchange reactions. For example, while
many examples of H/D exchange reactions have been demon-
strated with isolated olefins (e.g., styrene and tert-butylethyl-
ene), selective H/D exchange reactions of isomerizable olefins
(e.g., 1-hexene) have achieved limited success because olefin
isomerization often occurs under reaction conditions. As a
rare example, Hartwig et al. showed that the Ir-pincer complex
[(dtbpp)ir(H)(NH,)] (dtbpp = 1,5-bis(di-tert-butylphosphino)
pentan-3-yl) catalyzed the selective H/D exchange reactions of
olefins with C¢D¢ at the vinylic positions without olefin iso-
merization.'®> To the best of our knowledge, there are still no
catalysts demonstrated for selective H/D exchange reactions of
olefins with D,O without isomerization. Additionally, few
studies have been conducted to compare the relative selectivity
for H/D exchange reactions at terminal and internal vinylic
positions. Furthermore, it remains a challenge to achieve selec-
tive HIE of the three olefinic protons (e.g., =CHR vs. =CH,) of
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terminal olefins RCH=CH, in the absence of a directing
group. In this work, we report the development of an efficient
catalytic system for selective deuteration of terminal olefins
with D,0. The system shows high selectivity for deuteration at
terminal double bonds over internal double bonds and can
catalyze H/D exchange reactions of olefins without isomeriza-
tion. It induces selective H/D exchange at the methine carbon
(=CHR) over the methylidene carbon (=CH,) for substrates
RCH=CH, with a bulky substituent R.

Results and discussion
Catalyst design

In principle, a hydride complex L,M-H could catalyze the H/D
exchange reaction of an olefin with D,O if it can undergo
reversible H/D exchange reactions with D,O and reversible
insertion/elimination reactions with the olefin. Scheme 1
shows three reaction pathways for intramolecular H/D
exchange reactions of the olefin-deuteride complex 1 contain-
ing an isomerizable terminal olefin RCH=CH,. Path A leads
to deuteration at the internal vinylic carbon or methine carbon
(RCH=), path B1 leads to deuteration at the terminal vinylic
carbon or methylidene carbon (=CH,), while path B2 leads to
deuteration and isomerization. Careful examination of the
reaction pathways reveals that deuteration at the vinylic posi-
tions involves C(x)-C(p) bond rotation of alkyl intermediates
2A and 2B, while deuteration/isomerization of the olefin
involves rotation about the M-C(a) bond in intermediate 2B.
Thus, selective deuteration at the double bond without isomer-
ization (paths A and B1) could only be accomplished if the
rotation about the M-C(a) bond in intermediate 2B is
restricted (and therefore, path B2 does not proceed).

H D H
p-B | H H o/ w
/ R PpathA [LnM]—/ path B /
[LaM] w\~H H R [LaM] H
o
2A H 1 2B R
path B2
path B1 (M-C
(c-c

rotation)
rotation)

D
H DR H R R
Y y H H
[LoM] [LaM] H /
H . [LaM]
aa M 3B R H
3C l

l |

CH,D

| T D T CHoD
H H
. M!_ " [L,.M]—//i LM — /2//
n 5 / i, H R H .
aA B8 4c

Scheme 1 Three pathways for intramolecular H/D exchange reactions
of the deuterido-olefin complex 1.
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The rotational barrier of an M-X bond in an L,M-X
complex can be influenced by the properties of both ligands
and metals. It is known that M-X bond rotational barriers are
generally higher for third row transition metals compared with
those of analogous second row transition metals. This is exem-
plified by the rotational barriers of M-P bonds in trans-
[(#Bu),P(i-Pr),MCl, (M = Pd, Pd)*’ and trans{(t-Bu),PR],
M(CO)X (R = H and CH3; M = Rh and Ir; X = CI, Br, and 1).>®

We have previously shown that the ruthenium hydride
complex RuHCI(CO)(PPh;); is catalytically active for H/D
exchange reactions between olefins and D,0.>' Like most
other reported catalysts, the H/D exchange reactions of isomer-
izable substrates (e.g., PhnCH,CH=CH,) with the ruthenium
catalyst were accompanied by isomerization, presumably due
to facile rotation about the Ru-C bond in ruthenium alkyl
intermediates (like 2B). Considering that the rotational barrier
of an Os-C bond might be higher than that of an analogous
Ru-C bond, we anticipated that the rotation about the Os-C
bond in osmium-alkyl intermediates might be more restricted.
Thus, osmium hydride complexes analogous to RuHCI(CO)
(PPh;); may catalyze selective H/D exchange reactions of
olefins at the vinyl positions without isomerization.>

To explore this possibility, we first compared the catalytic
properties of RuHCI(CO)(PPh;); and OsHCI(CO)(PPhj;); for the
isomerization of PhCH,CH,CH=CH,. In situ NMR experi-
ments indicate that PhCH,CH,CH=CH, (5) in THF was com-
pletely consumed to give mainly PhCH=CHCH,CH; (5a)
along with a small amount (13%) of PhCH,CH=CHMe after
being heated in the presence of 5 mol% of RuHCI(CO)(PPh;);
at 60 °C for one hour (Scheme 2). In contrast,
PhCH,CH,CH=CH, remained essentially unchanged when
the reaction was carried out in the presence of OsHCI(CO)
(PPh3); under similar conditions, producing only a trace
amount of PhCH,CH=CHMe (ca. 4%). These results suggest
that OsHCI(CO)(PPh;); is much less active than RuHCI(CO)
(PPh;); for catalytic olefin isomerization. The lower activity of
OsHCI(CO)(PPh;); compared with the ruthenium analog in
olefin isomerization was further confirmed by the isomeriza-
tion reaction of PhCH,CH=CH, -catalyzed by MHCI(CO)
(PPh;); (M = Ru, Os) (see the ESIT).*°

The observed lower activity of OsHCI(CO)(PPh;); compared
with the ruthenium analog RuHCI(CO)(PPh;); in olefin iso-
merization encouraged us to investigate the catalytic properties
of a series of osmium hydride complexes OsHX(CO)(PR3),(L)
for selective deuteration of olefins with D,O.

o

5 mol% MHCI(CO)(PPhs)s

S

60°C in THF, 1 h,

M yield of 5a
Ru 87%
Os 0%

Scheme 2 Catalytic activity of MHCI(CO)(PPhs)s (M = Ru and Os) in the
isomerization of PhCH,CH,CH=CH>.
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Selection of catalysts and reaction conditions

To evaluate the catalytic properties of the osmium hydride
complexes for H/D exchange between olefins and D,O, we
used the reaction of styrene (PhCH=CH,, 8a) with 13.5 equiva-
lents of D,O at 80 °C with a 5 mol% loading of an osmium
hydride complex as the model reaction. The maximum or
theoretical percentage of deuterium (%Dye,) incorporated at
the vinyl position (which is the statistical percentage of deuter-
ium on the oxygen of heavy water, the vinyl carbons of styrene,
and osmium hydride) is approximately 90%.>" The results are
summarized in Table 1.

The chloro complex OsHCI(CO)(PPh;); (6a) showed mar-
ginal catalytic activity for the reaction. When a mixture of
styrene and D,O (13.5 molar equivalents) in THF was heated in
an oil bath at 80 °C for 2 hours in the presence of OsHCI(CO)
(PPh3); (5 mol%), only about 5% of =CH and 2% of =CH,
vinyl protons were replaced with deuterium (entry 1). The
bromo complex OsHBr(CO)(PPh;); (6b) is slightly more active
than chloro complex 6a (entry 2). Iodo complex OsHI(CO)
(PPhjy); (6¢) is appreciably more active than the chloro complex
6a, leading to approximately 40% deuteration of the vinyl
carbons in 2 hours (entry 3). The higher activity of the iodo
complex could be related to the larger size of iodide, which
can facilitate phosphine dissociation to generate the unsatu-
rated hydride complex OsHI(CO)(PPh;), for olefin insertion.
The electronic effect may also contribute to the differences in
the activity. The unsaturated hydride complex OsHI(CO)
(PPh;3), may undergo a faster insertion/de-insertion reaction
with styrene than OsHI(CO)(PPh;),, similar to the insertion
reaction of RuHX(CO)(P’Bu,Me), (X = F, Cl, and I) with
HC=CPh.*

A key step in the H/D exchange of styrene with D,O cata-
lyzed by OsHX(CO)(PPh;); is the H/D exchange between
osmium hydride complexes OsHX(CO)(PPh;); and D,O to give
0sDX(CO)(PPh;);. This process likely proceeds through an 1
HD intermediate [Os(n’-HD)X(CO)(PPhs);]* and might be
facilitated by an acid.*® To test the hypothesis, we performed
the catalytic reaction in the presence of a catalytic amount of
acetic acid (HOAc). To our delight, the H/D exchange reaction
of styrene (PhCH=CH,, 8a) with 13.5 equiv. of D,O indeed
proceeded much more readily in the presence of HOAc. With
5 mol% of OsHCI(CO)(PPh;); and 3 mol% of HOAc, the H/D
exchange reaction at 80 °C proceeded fairly quickly (entries 4
and 5), and the percentage of deuteration at the vinylic
carbons reached about 62% (69% of the %Dye,) in 1 hour and
82% (91% of the %Dy,) in 2 h. The reaction with OsHI(CO)
(PPh3)3/HOAc proceeded at an even faster rate (entries 7 and
8), and the percentage of deuteration at the vinylic carbons
reached about 83% (92% of the %Dype,) in 30 minutes (entry
8).>* Under similar conditions, the related complex OsHCI(CO)
(P(CeH4.p-CF3)3); (6d) is less effective (entry 9), while OsHCI
(0,)(CO)(PCys3), (7a, entry 10) and OsHCI(CO)(PPh;)(dppf) (7b)
are totally inactive (see the ESI}), probably due to the difficulty
of these complexes to undergo an insertion reaction with
styrene. As expected, the reaction rates were temperature
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dependent. For example, the H/D exchange reaction catalyzed
by OsHI(CO)(PPh;);/HOAc was essentially completed in 1 hour
at 90 °C, but proceeded to less than 20% in 1 hour at 50 °C
(see the ESIf).

Substrate scope of the catalytic reactions

The above experiments reveal that OsHI(CO)(PPh;);/HOAc is
the most active catalyst for H/D exchange between olefins and
D,0. We then studied the substrate scope of this catalytic
system. As shown in Scheme 3, OsHI(CO)(PPh;); effectively
mediated the H/D exchange between D,O and styrene deriva-
tives with various functional groups, including aryl (8b, 8c),
alkyl (8d), halide (8e-g), ether (8h), ester (8i), NO, (8j) and CF;
(8k). With a catalyst loading of 5 mol%, the scrambling of deu-
terium and hydrogen on the oxygen of D,O and vinyl carbon
sites was almost completed within one hour at 80 °C.
Compounds with protic functional groups such as NH, (8m),
carboxylic acid (8n) and B(OH), (80) also underwent smooth
H/D exchange reactions with D,O under similar reaction con-
ditions. When the reaction was carried out with the aldehyde-
functionalized derivative CH,=CH-C¢H,4-p-CHO (81), H/D
exchange also occurred for the CHO proton, albeit at a lower
rate than for the vinylic protons. 4-Vinylpyridene (8p) and
4-cyanostyrene were unreactive, likely due to the competing
coordination of nitrogen.

The catalytic system also displayed good catalytic activity in
the H/D exchange of terminal alkyl olefins with D,O. When a
mixture of 1-hexadecene (9a) and D,O (13.5 molar equiv.) in
THF was heated at 80 °C for 2 h in the presence of OsHI(CO)
(PPh3); (5 mol%) and HOAc (3 mol%), 1-hexadecene under-
went selective H/D exchange at the vinylic carbons without iso-
merization (Scheme 4). Selective deuteration at the vinylic
carbons with minimum isomerization also occurred for term-
inal olefins PhCH,CH=CH, (9b) and PhCH,CH,CH=CH, (5),
when the reactions were carried out at 70 °C for 1 hour.*®
Selective deuteration of 9 and 5 is interesting, as reported
systems (e.g., RuHCI(CO)(PPh;);) usually induce both isomeri-
zation and deuteration. Systems capable of promoting selective
H/D exchange reactions at the vinylic positions of isomerizable
olefins without causing isomerization are quite rare. In this
regard, Hartwig et al. demonstrated that the Ir-pincer complex
[(dtbpp)Ir(H)(NH,)] (dtbpp = 1,5-bis(di-tert-butylphosphino)
pentan-3-yl) can catalyze these selective H/D exchange reac-
tions with C¢Dg at the vinylic positions without inducing
olefin isomerization.'® To date, there appear to be no reported
systems that demonstrate selective H/D exchange reactions of
isomerizable olefins with D,O without causing isomerization.

The system also promoted selective deuteration at the
methine carbon (RCH=) of terminal olefins with bulky substi-
tuents (Scheme 5). For instance, when a mixture of 9-vinylan-
thracene (AnCH=CH,, 10a) and D,O (13.5 molar equiv.) in
THF was heated by an oil bath at 100 °C for 2 h in the presence
of OsHI(CO)(PPh;); (5 mol%) and HOAc (3 mol%), essentially
all of the methine AnCH = proton was replaced by deuterium.
In contrast, only about 2% or less of the protons at the methyl-
idene carbon (=CH,) were replaced with deuterium. Selective
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Table 1 Selection of the catalyst and conditions for H/D exchange reactions of olefins with D,O?

H catalyst D
~~H + DO P
H %Dineo = 90% D
8a o theo = ST [D]-8a
Entry Osmium hydride Additive Reaction time %Dexp
1 OsHCI(CO)(PPh;); (6a) None 80°C/2 h D, 9%
©/\/Dc 2%
Db 29
2 OsHBr(CO)(PPh;); (6b) None 80°C/2 h D,10%
Db 5%
3 OsHI(CO)(PPhy); (6¢) None 80°C/2 h D, 42%
©/\(Dc 37%
Db 36%
4 OsHCI(CO)(PPh,); (6a) HOAC? 80 °C/2 h D, 82%
Do 82%
5 OsHCI(CO)(PPh;); (6a) HOAc? 80°C/1 h D, 64%
N D, 60%
Dy 59%
6 OsHBr(CO)(PPh;); (6b) HOAc? 80°C/1h D,75%
oD 71%
Dy 72%
7 OsHI(CO)(PPh;); (6¢) HOAC? 80 °C/1 h D, 86%
XN D; 85%
Do 85%
8 OsHI(CO)(PPhs); (6¢) HOACc? 80 °C/30 min D, 83%
X c
Do g29
9 OSHCI(CO)((p-CF3CeHa)3P); (6d) HOACc? 80 °C/1 h D, 36%
X D; 31%
Do 30%
10 OsHCI(CO)(0,)(PCys), (7a) HOAC? 80°C/1h D, 0%

“The reaction was carried out with 5 mol% of an osmium complex in THF (2 mL) under N, in a sealed Schlenk tube. %Dy, is the maximum or
theoretical level of deuteration attainable (the statistical percentage of D among exchangeable sites of water/heavy water, acetic acid, the vinyl
group of styrene and the hydride of the catalyst). %Dy, is the percentage of D determined experimentally. %3 mol%.

deuteration at the methine carbon was also observed for Ph,C exchange reactions is both intriguing and challenging. While
(OH)-CH=CH, (10b) and Ph(tBu)C(OH)-CH=CH, (10c). methylidene-selective ~deuteration of styrene derivatives

Selective deuteration at methine carbon (RCH=) or methyl- ArCH=CH, with D,0 or MeOD (to give ArCH=CD,) has been
idene carbon (=CH,) of terminal alkenes RCH=CH, via H/D achieved using catalytic systems such as Pd(0)/PR;/RCO,H??
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H OsHI(CO)(PPh3)3 (5 mol%) D
AN HOROBmO) | D
8 H D,0 (13.5 equiv.), 80 °C [D]-8 D
D, 90% ., 91% D, 88%

O e ot
Dy 89% Dy, 89%

ss%
[D]-8¢, 1 h, 65% [D] 8d, 1h, 81%
D, 86% , 87%

° 86%

[D1-8g, 1h, 67%

[D]-8b, 1 h, 71%
D, 83%
De 83% Dc 86%
Do goop Do 85%

[D]-8e, 1 h, 79% [D]-8f, 1 h, 68%

Da 86% , 83% D, 85%
Dc 86% De 83% moc 5%
D D D
MeO b 87% ° 82% ON * 4%
[D]-8h, 1 h, 75% Ol [DI8i, 1h, 64% [D]-8j, 1 h, 74%
D, 87% D, 69% 2%
D 86% D 569 mm 68%
D
. b so% Do sy b 68%

[D]-8K, 1 h, 73% D 31% [D}-8I,3h, 74% [D]-8m, 1.5 h, 80%

D,87% D, 79% D, 0%
D
DOOC Do 84% Db 70% > 0%

[D]-8n, 1 h,75% [D]-80, 1 h, 69% [D]-8p, 1 h, 76%
Scheme 3 Deuteration of styrene derivatives catalyzed by 5 mol% OsHI

(CO)(PPh3)3/3 mol% HOAc in THF at 80 °C. %Dineo = 90%.

OsHI(CO)(PPh3); (5 mol%) D, 75%
/ft/\ + DO HOACG (3 mol%) Do 73%
12
4 135 1h,80°C D, 73%
9a
[D]-9a, 66%
Z 0,0 OsHI(CO)(PPhs); (5 mol%) D, 48%
HOACc (3 mol%)
1. 135 Do 48%
: - o
o 1h,70°C Da 550,
[D]-9b, 62%
N OsHI(CO)(PPhs); (5 mol%) D, 57%
+ D0 HOAC (3 mol%) wDb 53%
X 1. 135 1h,70°C De 549%
[D]-5, 70%

Scheme 4 Selective deuteration of alkyl terminal olefins with D,O
catalyzed by 5 mol% OsHI(CO)(PPhsz)s/3 mol% HOAc in THF. %Dipeo =
90%.

and [RhCIH(CH;CN);(IPr)]CF3S0;,"” methine-selective deutera-
tion of terminal olefins RCH=CH, (to give RCD=CH,) is
almost unprecedented. The most closely related work is
recently reported by Stephen P. Thomas et al., who observed a
slight trend toward greater deuterium incorporation at the
methine carbon compared to methylidene carbon in the H/D
exchange reactions of RCH=CH, with CD;0D under photoca-
talysis using [FeCl,(dmpe),]/NaO¢Bu/HBpin/blue light (dmpe =
Me,PCH,CH,PMe,)."® The current catalyst OsHI(CO)(PPh;)s/
HOAc represents a unique system for methine-selective deu-
teration of terminal olefins with bulky substituents. The

This journal is © the Partner Organisations 2025
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H OsHI(CO)(PPhs)s (5 mol%) D
H HOACc (3 mol%)
X oD
H D,0 (13.5 equiv)), 100 °C D
10 [D]-10
O Da >95% 80% Dc 3% 79% D, 0%
D, 1%
Xy ¢ D D.
a = Db 3% a = Db 0%
Dy 2% OH OH

[D]10a, 3 h, 82%

[D]-10b, 2 h, 65% [D]-10c, 2 h, 75%

Scheme 5 Selective deuteration at the methine carbon of terminal
olefins with a bulky substituent catalyzed by 5 mol% OsHI(CO)(PPhs)s/
3 mol% HOACc in THF. %Dineo = 90%.

selectivity can be related to the steric effect as discussed in the
section on reaction mechanism in the following.

It was noted that the catalytic system OsHI(CO)(PPhs;)s/
HOACc exhibits significantly lower catalytic activity for the deu-
teration of internal olefins compared to its activity for terminal
olefins (Scheme 6). For example, with a catalyst loading of
5 mol%, the H/D exchange reaction of styrene with 13.5
equivalents of D,0O is essentially complete after heating the
reaction mixture at 80 °C for one hour. In contrast, under the
same catalyst loading, the reaction of trans-PhCH=—CHCH;
(11a) with 22.5 equiv. of D,O only leads to up to 21% deutera-
tion at the vinyl carbons after heating at 100 °C for 3 hours
and up to 61% deuteration after 6 hours. Similarly, the H/D
exchange reaction of trans-PhCH=CHCH,Ph (11b) is also
slow, with deuteration at the vinyl carbons reaching only up to
40% after heating at 100 °C for three hours. Notably, deutera-
tion only occurred at the vinylic positions in the catalytic reac-
tions of 11a and 11b. trans-Stilbene (PhACH=CHPh, 11c) and
1,1-disubstituted olefins such as PhC(Me)=CH, (see the ESI})
are unreactive under similar conditions (100 °C, 3 h). The low
reactivity of internal and 1,1-disubstituted olefins can be
attributed to their low tendency to undergo insertion reactions
with osmium hydride complexes.

To further confirm that the system exhibits selectivity for
deuteration at terminal double bonds over internal double
bonds, we conducted reactions with substrates containing

46%

H p,13% D,
100 °C o CD.
©)\(CH3 +D,0 N (())E;s 100 °C BN 0%3
H . 3h Dy another Dp
b
22.5 equiv. oo 3h 61%
1a [DI-11a v [D]-11a
16% D, D,_ 0% 16% D, D, _ 0%
Do 100°C Pe
X X
+ DO
Dy ) 3h Dy
40% 18 equiv. 40%
11b [D]-11b

Scheme 6 H/D exchange reactions of internal olefins with D,O cata-
lyzed by 5 mol% OsHI(CO)(PPhs)s/3 mol% HOAc.
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both terminal and internal C=C double bonds. As shown in
Scheme 7, under the catalysis of OsHI(CO)(PPh;);/HOAc,
1-ethenyl-4-[(1E)-2-phenylethenyl]benzene  (12a), nerolidol
(12b), and linalyl acetate (12c) all underwent selective H/D
exchange reactions with D,O at the terminal double bond. For
12b and 12¢, deuteration at the methine carbon proceeded at a
higher rate than at the methine carbon, probably due to the
steric effect, as will be discussed in the following.

Applications

The results discussed above suggest that OsHI(CO)(PPh;)s/
HOAc may be useful for the selective deuteration of vinylic
positions of complex molecules. To explore this possibility, we
conducted H/D exchange reactions of D,O with four natural
products and two synthetic steroid derivatives (Fig. 1). We were
pleased to find that altrenogest (13a) underwent a selective

OsHI(CO)(PPhs)s
HOAc

L
93% De O X
Dy ~ H

92%  Da93%
[D]-12b, 65%

-
D,0 (22.5 equiv.), 1h
%Diheo = 94%

Ho | M OsHI(CO)(PPhy)s o ,
JHOAG HO e 30%
X X = N N
i N H'D,0 (22.5 equiv.), 1h D, 30%
H H H

Da 88%
%Dipeo = 92%

[D]-12¢, 89%

0
o,
}/ OsHI(CO)(PPha); >/ 12%
OAc

o H H [} D
_mene
WH D,0 (18 equiv.), 2 h X ZDp12%
H %Diheo = 92% Da87%

[D]-12¢, 69%

Scheme 7 H/D exchange of vinylic hydrogen atoms in substrates with
both terminal and internal C=C double bonds (percentage of deuter-
ium incorporation) catalyzed by 5 mol% OsHI(CO)(PPhs)s/3 mol% HOAc
in THF at 100 °C.

altrenogest [D]-13a
(80°C, 1 h, 67%)

An estrone derivative [D]-13b  An epiandrosterone derivative [D]-13c
(100 °C, 2 h, 66%) (100 °C, 2 h, 67%)

tiamulin [D]-13f
(100 °C, 2 h)

forskolin [D]-13d
(100 °C, 2 h, 76%)

Sclareol [D]-13e
(100 °C, 2 h, 69%)

Fig. 1 H/D exchange of vinylic hydrogen atoms in complex molecules
(percentage of deuterium incorporation) catalyzed by 5 mol% OsHI(CO)
(PPh3)3/3 mol% HOAc in THF at 100 °C. Substrate: D,O = 1:13.5, %Dineo
=90%.
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H/D exchange reaction with D,O at the terminal olefinic group
without isomerization. As confirmed by *H and 'H NMR, with
a catalyst loading of 5 mol%, the reaction was essentially com-
pleted within one hour at 80 °C, and no H/D exchange
occurred at the internal C=C double bonds. Similarly, the
vinylic protons of forskolin (13d), sclareol (13e), estrone deriva-
tive 13b, and epiandrosterone 13c¢ were also replaced with deu-
terium when they were allowed to react with D,O at 100 °C for
2 h in the presence of OsHI(CO)(PPh;);/HOAc. For these sub-
strates, preferential deuteration at the methine carbon was
noted, likely due to steric effect, as will be discussed in the fol-
lowing. In contrast, tiamulin 13f did not undergo an H/D
exchange reaction with D,O under similar conditions, likely
due to the strong coordination of S, which inhibits the olefin
insertion reaction.

Mechanism for the H/D exchange reactions

Scheme 8 shows a plausible mechanism for the H/D exchange
reactions of RCH=CH, (15) with D,O catalyzed by OsHX(CO)
(PPh3);/HOAc (X = halide). HOAc can undergo an H/D
exchange reaction with D,0 to give DOAc. The generated DOAc
can then react with OsHX(CO)(PPh;); (6) to give the deuteride
complex OsDX(CO)(PPh;); ([D]-6) probably via the n>-HD
complex intermediate [Os(n>-HD)X(CO)(PPh;);]JOAc (14). The
complex OsDX(CO)(PPh;); ([D]-6) may undergo an insertion
reaction with RCH=CH, via the n*-olefin complex intermedi-
ate  OsDX(n*-RCH=CH,)(CO)(PPh;),*® (which contains two
mutually trans PPh; ligands and an olefin ¢rans to CO) to give
an alkyl complex 16A or 16B. Subsequent rotation about the
C,—Cp alkyl axis of 16A or 16B (to give 16A’ or 16B’) and f-H
elimination would lead to the methine-deuterated olefin
RCD=CH, (17A) or the methylidene-deuterated olefin
RCH=CHD (17B) and regenerate the active hydride complex 6.

In line with the proposed mechanism, OsDCI(CO)(PPh;);
was identified upon the completion of the catalytic H/D
exchange reaction of PhCH=CH, with H,O catalyzed by
OsHCI(CO)(PPh;);/HOAc. Reversible olefin insertion into Os—

RCH=CH, D R D H
0s]—D H
0,0 HOAC [0s] (15 / H rd
\ [D]-6 [0s] y or [0dl R
16A H 168 H
® H
[Oos]—| OAc
D
H b H D
14
/ _)\ ?/ R / "
HDO DOAc [°:]4H ‘T [0s] y or o8] R
16A" H om
[0s] = OsHX(CO)(PPhs)s RCD=CHz or RCH=CHD
17A 178
co co co oo
‘ PPh; H | PPh; 4 PPh; R ‘/PPha R
/ a‘:\ H / ot::\ H / a‘:\ H X Os Ot
X Os r X——0s - =
/ \ / \ p " / o‘s\ Ph, P/\ J
PhP BA..., PhyP » Phap BA. P N1
H D "'H
16A" R 16A H 168 H 168"

Scheme 8 A plausible mechanism for the H/D exchange reactions of
RCH=CH, with D,O catalyzed by OsHI(CO)(PPhz)z/HOAc.
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D/H bonds is one of the key processes for the catalytic H/D
exchange reactions. It is known that osmium complexes such
as OsHCI(CO)(PPh3);*” and OsHCI(CO)(PiPr;),**?® can
undergo insertion reactions with alkynes to give vinyl-osmium
compounds. However, olefin insertion reactions of OsHX(CO)
(PR;); or OsHX(CO)(PR3), are still unknown.?® To verify that
OsHX(CO)(PPhs;); can undergo reversible olefin insertion reac-
tions, we studied the reactions of OsHX(CO)(PPhs;); (X = Cl (6a)
and I (6¢)) with styrene and 2-vinyl pyridine. Both 6a and 6b
were found to be unreactive towards styrene, implying that the
insertion reaction is unfavorable. In contrast, they reacted with
2-vinyl pyridine to give the insertion products Os(k*-CH,CH,-
CsH,N)X(CO)(PPh3); (18) containing a 1,2-dihydro-3-osmain-
dolizine moiety (Scheme 9). Apparently, the chelating effect
can make the olefin insertion reaction thermodynamically
favorable.*® As monitored by *'P{"H} NMR, the reaction of the
chloride complex 6a is completed in 3 h at 60 °C, while the
reaction of the iodide complex 6c¢ is completed in 2 h at 50 °C.
Thus, the iodide complex 6c is more active than the chloride
complex 6a for olefin insertion, consistent with the obser-
vation that the iodide complex is more active than the chloride
complex in catalyzing the H/D exchange reactions.

Complexes 18 have been characterized by NMR spec-
troscopy and elemental analysis. The structure of 18a has also
been confirmed by an X-ray diffraction study. As shown in
Fig. 2, the complex adopts a distorted octahedral geometry
containing a five-membered ring formed by the insertion of
2-vinylpyridine into the H-Os bond. The two PPh; ligands are
mutually trans, and the chloride is trans to the alkyl ligand.
Consistent with the solid state structure, the 'H NMR spectra
showed two methylene proton resonances at 1.93 (OsCH,) and
2.64 (OsCH,CH,) ppm. The “C{"H} NMR spectrum shows a
singlet at 43.6 ppm for OsCH,CH, and a triplet at —2.71 ppm
with a C-P coupling constant of 10 Hz for Os-CH,.

We observed experimentally that methine-selective deutera-
tion can occur for RCH=CH, with a bulky substituent. The
selectivity can be related to the steric effect. The intermediate,
16A or 16A’ (leading to methine deuteration), is expected to be
sterically more favorable than 16B or 16B’ (leading to methyl-
idene deuteration) when the R group is sterically bulky or
demanding.

It was also noted that internal olefins (RCH=CHR) and 1,1-
disubstituted olefins (R,C=CH,) were much less reactive than
terminal olefins (RCH=CH,) in the Os-catalyzed reactions.

PPh, X=Cl:3h, 60°C Pphsx
=1 0 _\o‘\\
‘ X N X=1:2h,50°C 7 n—os—co
H /Os PPhs + | TN benzene ‘
> | ~ PPh
PPh; PPh; 3
18a, X = Cl, 75%
6a, X =Cl \ )
, Soe
6c, X =1 18b, X =1, 70%
Scheme 9 Insertion reaction of OsHI(CO)(PPhz); (X = Cl, 1) with

2-vinylpyridine.
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Fig. 2 The molecular structure of complex 18a (ellipsoids at the 40%
probability level). The hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°]: Os(1)-Cl(5) 2.5169(7), Os(1)-P(1) 2.3561
(7), Os(1)-P(2) 2.3653(7), Os(1)-N(1) 2.198(2), Os(1)-C(1) 1.847(2), Os(1)—
C(2) 2.138(2), O(1)-C(1) 1.159(3), N(1)-C(4) 1.359(3), C(3)-C(4) 1.499(3),
C(2)-C(3) 1.532(3), C(2)-Os(1)-N(1) 78.09(8), C(3)-C(2)-Os(1) 108.16
(15), C(4)-C(3)-C(2) 110.80(19), N(1)-C(4)-C(3) 114.9(2), C(4)-N(1)-Os
(1) 114.77(16).

The lower reactivity is likely caused by their reduced capacity
to undergo insertion reactions with osmium hydride com-
plexes to give intermediates analogous to 16 for the H/D
exchange reaction. For example, the insertion reaction of
OsDCI(CO)(PPh;); with PhMeC=CH, would give Os(CH,-
CDPh(Me))(CO)(PPh;); or Os(C(Ph)Me-CH,D)(CO)(PPh;);. The
former insertion product is sterically unfavorable, while the
latter one is unproductive for H/D exchange. The observation
is perhaps not surprising, since it is commonly found that
terminal olefins undergo insertion at a much greater rate than
internal and 1,1-disubstituted olefins.*!

Conclusions

We have discovered that the readily available hydride complex
OsHI(CO)(PPhy;); is highly effective at catalyzing H/D exchange
reactions of terminal olefins with D,O. The reaction mecha-
nism involves H/D exchange between the osmium hydride and
D,0 and reversible olefin insertion into an OsD(H) bond. This
catalytic system demonstrates a high degree of selectivity for
deuteration at terminal double bonds over internal double
bonds. Additionally, it can catalyze H/D exchange reactions of
olefins without causing isomerization. Notably, the system
induces selective H/D exchange at the methine carbon
(=CHR) rather than the methylidene carbon (=CH,) for sub-
strates RCH=CH,, with a bulky substituent R. These reactions
are compatible with substrates bearing a wide variety of func-
tional groups, making this method highly versatile for the
selective labeling of olefins in complex molecules.
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