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The direct, selective conversion of linear alkanes to a-olefins — without isomerization — is an "J‘i'ﬂ:%ﬁ:b d‘L Efﬁ?)?ﬁjb b 7'|_ L
important reaction in the field of catalysis from both a fundamental and industrial perspective. 74/’\0) IE:]% H"] N JE*R H"]ti E?Z?lﬁ)iﬁt? (i EE
Now, a detailed pathwa.y has been_described for how a pase metal can promote such a reacti_on Efﬁﬁﬂpil J:ég'iﬁ&“: E’J&C H% ;E |$

with several turnovers, in a non-oxidative set of C—H activation reactions, thus preventing olefin

isomerization. 'ﬂ:( J:é)iﬁi?k’)l,\'c ~_0) If'iﬁ’\é
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L= Lt (ref 18,19), #* X = ) L% (ref 20)
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3- H2 or 5- H4
Ref 14; Irif8E DFRER chem. Rev. 2011, 111, 1761 R~ 7?»
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M—C ———2 » MH, 2 Bu Bu
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LAt ko C9~C20D T ILAH viddiesel TS DM E L THFA

5 \/R \ 4 5 \/R olefin

mehe T Lo R (gasolineT > > &Y H30%NFEENELAFLY)
Fig. 1. Alkane metathesis via tandem transfer dehydrogenation—olefin metathesis illustrated with FISCher-TropSCh 7 I:I t Z (CO t Hza) ﬁi El{lj_ IJ : 7 _1t)

the formation and metathesis of two molecules of 1-alkene. M, active catalyst in the transfer
dehydrogenation cycle [e.g., (pincenir].
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Nat. Chem. 2011, 3, 167
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Highly regioselective

N
+
/\ or F N or ~
GAS PHASE 200°C — 240°C GAS PHASE
Gas/Solid Phase > 0.5 M a-olefin
Dehydrogenation > 1 turnover/sec
of Alkanes > 1000 turnovers
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WOl—H + Ox —— WO] + Ox=H [Co—H + e + Hf — [Co] + H—H 19%
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CatA ——— T Nat. Commun. 2015, 6, 1
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Figure 1 | Dehydrogenation of cyclohexane using the alkylidyne prekursor (PNP)Ti=CH'Bu(CH,Bu), along with a proposed mode for the decomposition
of the phosphorus ylide H,CPPhs. Proposed pathway (from the top)|describing how (PNP)Ti=CH'BU(CH,'Bu) can eliminate HsC'Bu and form alkylidyne
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75/ 3 T [Ephenyldibenzophospholemethylene ylide,
. H,CP(C,,Hg)Ph (2)IZ7& B,

A1) k2
Phoshoniumi& [[H,CP(C,,Hg)Ph][1] & Na[N(SiMe,),] D K&
SIZEYERK, ALV -EBEE, BICRE.
KEZERIZREZE,
it SREE&E (XH,CPPh, & %548l (Fig 2a, 2b)
v LEAZMEAEE (1, = 0.85), H,PPh; (1, = 0.93)
1, = (360 °— (a + B))/141° (T4 1, = 1.0, Dy, 74 = 0.0)
P-Cretnyiene = 1.6789(11) AlEH,CPPh; (1.662(8) A) & [l
RE,
a-Agostic DFT: Natural bond orbital charge: C -0.604, P +0.810,
Yczr  FHEEA
% 1933)A  Alkylidene-alkylgitk & 1 1) K20 BRI (Fig 2d)
A F)LEEA(PNP)Ti=CHtBu(CH,) (1) A &Rk (23 °C, 2 d)
EERLIXCH, Z 1t L T, alkylilydinet&AAZ 52 %
(AH* = 29.5 kcal mol?, AS* = 4.6 calmol1K1)
i D FREME Z R TRER, LAL, MBZKHENIDBE,
(AG*=28.1 kcalmoltat 25 °CE RiEL b d1-6)

d " 2 . .
g () e . BEKLOME (Fig 20)
P e S VTt @ e Ti-C27 2.136(2) A, Ti-C28 1.870(2) A
«CH,Bu N\ :
ﬂ\\ - U o (PNP)Ti=CHtBU(CH,tBu): Ti=C 1.790(5) A, Ti-C 2.206(5) A
([owee () + o + () (PNP)TI=CHBU(Ph)Ti=C 1.873(5) A, Ti-Ph 2.141(5) A

Uy anFtd, & Alkylidene-alkylggiA, 4 1) K2 ®D

Figure 2 | Crystal structures of the phosphorus ylide 2 and catalyst 1along = =a. ~ . .
= NE ~ N - =
with reactivity of (PNP)Ti=CH'Bu(CH,'Bu) with 2 and cyclohexane. a, ?E;m—c ‘i < 7 H #_t ~ le’ (PNP)TI CDtBu(CHZD)
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Figure 3 | Proposed catalytic transfer dehydrogenation cycle using the resting state of the catalyst, namely complex 1. The cycle shows how 1 eliminates
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Ref 36 Zri&{&k Cp,Zr(PPh,Me),& 1 1) RCH,=PPh,& D RIGIZ & % A F 1) T 2 E&{KCp,Zr(=CH,)(PPh,Me) D & X
Ref 37 Cp*,Ta(H)(=C=CH,) & CH,=PPh; & @ &It IZ & % Cp*Ta(H)(=C=CHMe) D 4 Bk

Ref 38 Cp*,TaCl(thf) & CH,=PPh, & @ & i 12 & % Cp*Ta(Cl)(=CH,) D & ik
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Figure 4 | Computed Gibbs free energy profile for the dehydrogenation of cyclohexane along with optimized structures. a, Free energy profile for the
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BILRSN)JLEER
CD,

/CHQtBu F'>-. /CDZH b
(PNP)Ti + = ""Ph  ————  (PNP)Ti + CHzBu + O
N\ <~ N\ e
CHBu CIT-ItBu

FILFTDIKFES 8.30 ppm)FEKFILShAL

G R E D LLER
4
, CH2 Bu C6H6 . Ph .
(PNP)TIN — (PNP)Tiy_ + CH3Bu
f f
CHBuU CHBuU (PNP) T| ,,Ph O
k=3.0x10%*s"(40°C) tBu
Ph
(pr)'n/\ m» (PNP)Ti/\ + CHy R =CH,Bu 90% conversition
\ HBuU CHBuU R = CHj <1% of cyclohexene

—

phosphine

FILFIL =T ILX)TUBKIZEIN LD DC-HEHIL(Ref 41)
ki/kp = 1.03(7), AH* = 24(7) kcal/mol, AS* = -2(3) cal/mol K

k=3.4x10%s" (60 °C)
AFILEEIR 1D AHNGELY

Ref 28 Table 3. Summary of Alkane Dehydrogenation Kinetics
TILADDEMAE 5 ; e .
enltry substrate T2(9 7C) com;o( %) kx 106 i (s 7)[/# U 5 sjﬁjét 1$0) &Flf\"":t
CH.B pentane : g SN N
(PNP)Ti 2B 2 pentane-d, 29.8 90 5.6 N _t, ~
N\ 3 hexane 297 83 548 6.5(4) x 10 s1 (27 °C)
CHBu 4 pentane:hexane (1:1) 29.6 79 5115 }9)
5 heptane 29.65 82 5.0 ) )
l CH;CH,R 6 octane 297 74 40 7.9x10°s1(31°C)
t 7 cyclohexane 296 89 4.97 ooanxgy
CH,'Bu 8 cyclohexane-d, 28.9 88 42 5 -1 o
(PN P)Ti/ 9 methylcyclohexane 29.7 84 5.0 586 X 10 S (31 C)
>—R 10 1-hexene 29.9 88 5.7

J. Am. Chem. Soc. 2013, 135, 14754
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Table 1 | Catalytic dehydrogenation of various alkanes using 1

and phosphorus ylide 2. L?)l/jTJ~ A)R2OHEIXTONIZEELL
\
1(Cat) - =m (75 °C)ICT HEPRFERT
10 equiv. 2 P-.,,,
Alkane » Alkene + CH, + % ‘Ph
75°C, 4 days
Entry Alkane Alkene TON*
. 2802 f‘*17l<1t7)lx73/0))i17|'} CDOIEFET)
O O ' - BERDDBEEREDT VA DER
10)3%*?7‘ TOTRIE
5 25(2) = AIVR2DRFEDH . AL T4 DEREL,
(cis)
3 NN NN 1560 |
4 NN NN 32 | EETIVAVTIK., o-ALI710HER
- TON~3
NN : N e g S
5 ETRATRET & 30 | AL DBRMIEIEETET
6 NN NN 2.7(2)

T80 EMARBLEEED1D
7 N in Cehhz e 02 ¥ g5atmin N¥EHY

*TON 0.2 (INFHUDRKELTHRE

*Turnover numbers were determined in reference to an internal standard of ferrocene intoluene (in
a capillary tube). Each experiment (with the exception of entry 7) was performed at |least twice to
ensure consistency. TONs are reported as an average, with the number in parenthesis corresponding
to the margin of error of experiments. "The formation of 1-buteneis accompanied by the formation of
cyclohexene, which is used as the solvent medium {see Supplementary Section ‘Dehydrogenation of
"butane’ for more details).
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FLI1 8B ADER (Ref 28, 41)
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bl Li"CgHys =
] \\CHfBu —LiOTF l
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7

wCH2BU "CeHyy
N- ,\ — O
& Il NcHBu - H;CB

o
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Figure 5 | Scheme showing how phosphorus ylide 2 can react with stable
titanium 1-hexene adduct (PNP)Ti(CH,'Bu)(H,C=CH"Bu) to form catalyst
1, free phosphine P(C,;Hg)Ph and release the a-olefin 1-hexene. This
reaction suggests that an olefin adduct such as (PNP)Ti(CH,'Bu)
(HC=CHR) is probably formed under our catalytic conditions and also
demonstrates that carbene transfer (from the phosphorus ylide) and
tautomerization steps (invoking (PNP)Ti=CH,(CH,'Bu)) leading to 1 are

probably not the slowest steps in the catalytic cycle.
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Supplementary Fig. 33
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Other Experiments and Next Approach
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