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Catalytic Alkane Transfer Dehydrogenation by

PSP-pincer-ligated Ruthenium. Deactivation of An Extremely 

Reactive Fragment by Formation of Allyl Hydride Complexes

Xiaoguang Zhou, Santanu Malakar, Tian Zhou, Sathiyamoorthy Murugesan, Carlos Huang, 

Thomas J. Emge, Karsten Krogh-Jespersen, and Alan S. Goldman* 

Department of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey, 

New Brunswick, New Jersey 08903, United States

ABSTRACT: Iridium complexes bearing PCP-type pincer-ligands are the most effective catalysts 

reported to date for the low-temperature (≤ ca. 200 °C) dehydrogenation of alkanes. To 

investigate the activity of formally isoelectronic ruthenium complexes we have synthesized the 

neutral 2,7-di-tert-butyl-4,5-bis(diisopropylphosphino)-9,9-dimethylthioxanthene (iPrxanPSP) 

pincer ligand and several Ru complexes thereof. The (iPrxanPSP)Ru complexes catalyze alkane 

transfer dehydrogenation of the benchmark cyclooctane/t-butylethylene (COA/TBE) couple with 

turnover frequencies up to ca. 1 s-1 at 150 °C and 0.2 s-1 at 120 °C, the highest rates for alkane 

dehydrogenation ever reported at such temperatures. Dehydrogenation of n-octane, however, is 

much less effective. A combination of experiment and DFT calculations allow us to explain why 

(iPrxanPSP)Ru is more effective than (iPrPCP)Ir for dehydrogenation of COA while the reverse is 

true for dehydrogenation of n-alkanes. Considering only in-cycle species and simple olefin 

complexes, the (iPrxanPSP)Ru fragment is calculated to be much more active than (iPrPCP)Ir for 

dehydrogenation of both COA and n-alkanes. However, the resting state in the (iPrxanPSP)Ru-

catalyzed transfer dehydrogenation of n-alkane is a very stable linear-allyl hydride complex, 

whereas the corresponding cyclooctenyl hydride is much less stable.

KEYWORDS:  Alkane dehydrogenation, pincer ligand, ruthenium, catalyst deactivation, allyl 

complexes 
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■  INTRODUCTION

Complexes of pincer ligands have been studied extensively over the past two decades owing 

to the unique ability which they offer to tune steric and electronic properties, and to a tendency 

to form highly robust complexes. Pincer complexes are reported in the literature with motifs 

(named according to the coordinating atoms) that include NCN1, NNN2-4, PNP5-11, PNN3, SCS 12-13, 

SNS14, CNC15 and PCP16-19. They have been widely used for numerous organic transformations, 

including, inter alia, cross-coupling reactions, reduction of carbon dioxide, hydrogenations of 

polar substrates, hydrosilylation reactions, dehydrogenation of alcohols, and hydroaminations3-8, 

17-38.

Among the most widely investigated classes of pincer complexes have been those with the 

PCP motif with a central aromatic group and phosphine donor groups at the terminal positions. 

(PCP)Ir complexes (including bis-phosphinite POCOP complexes, their PSCOP derivatives, and 

many others) occupy an apparently privileged position in the area of catalytic alkane 

dehydrogenation.39-40 We have investigated several isoelectronic analogues of (PCP)Ir complexes 

for alkane dehydrogenation activity, including RhI and Os0 congeners7, 10, 41 as well as non-PCP IrI 

complexes.42-43 In some cases these complexes have shown catalytic activity, but not at a level 

comparable to the (PCP)Ir complexes. Interestingly, perhaps the most active alternatives to 

(PCP)Ir-catalysts to date have been based on (PCP)Ru fragments16, 44 although the neutral 

(PCP)Ru unit is not isoelectronic with (PCP)Ir. Accordingly, such complexes are thought not to 

proceed via a mechanism that is fully analogous to that of (PCP)Ir complexes.16

(PNP)Ru is the ruthenium-based fragment most closely related to (PCP)Ir (Scheme 1). 

However, although extensive studies by Milstein and others have revealed an extraordinary 
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range of important catalytic activity by (PNP)Ru species, they have not been reported effective 

for alkane dehydrogenation.4, 9, 37, 45-46 In the context of other pincer-ruthenium fragments that 

are isoelectronic with (PCP)Ir, we considered (PSP)Ru in part because we thought the PSP ligand 

would bind strongly enough to allow its use at the relatively high temperatures typically required 

for alkane dehydrogenation. 

PR2

PR2

Ir S

PR2

PR2

RuN

PR2

PR2

Ru

Scheme 1. Isoelectronic Fragments (PCP)Ir and (PNP)Ru, and Motif of a Generic (PSP)Ru 
Fragment

Although sulfur ligands and thioethers are of course well known to bind well to metal 

centers,47-48 and generally more strongly than their oxygen congeners, the chemistry of PSP 

complexes has been less well developed than that of the analogous POP complexes.41, 49-50 

However, complexes of Ru51-54, Pt 55-56, Pd 57-58, Rh 59-60, Cr61, Tc62 and Re62, bearing a PSP 

tridentate ligand have been reported. PSP pincer ruthenium complexes in particular have seen 

application in alcohol/ketone transfer hydrogenation51, olefin cyclopropanation52, and catalytic 

dehydrogenation of dimethylaminoborane to release H2.54 

■  RESULTS AND DISCUSSION 

1. Synthesis of (iPrxanPSP)Ru Complexes. Following the synthesis of PhxanPSP by Emslie et 

al.56 (RxanPSP = 2,7-di-tert-butyl-4,5-bis(PR2)-9,9-dimethylthioxanthene), we synthesized 

iPrxanPSP and tBuxanPSP. Addition of two equiv iPrxanPSP to [p-cymeneRuCl2]2 in toluene gave 
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4

diamagnetic complexes with spectroscopic features consistent with products of displacement of 

p-cymene by iPrxanPSP (Scheme 2); we tentatively assign these complexes as a mixture of di- and 

tri-chloro bridged dimers, [(iPrxanPSP)RuCl2]2 and [(iPrxanPSP)2Ru2Cl3][Cl].54, 63 Addition of THF led 

to an equilibrium between these species and a monomeric THF adduct.64

Scheme 2. Synthesis of 1-(C2H4)2

In toluene, [(iPrxanPSP)RuCl2]n reacts with H2 to yield a complex which we assign, based on 

31P and 1H NMR spectroscopy,64 as (iPrxanPSP)RuCl2H2; a signal at  -12.50 (2H) may be attributed 

to two terminal hydrides or a dihydrogen ligand. Treatment of this complex with t-BuOK under 

H2 atmosphere yields a new complex with one broad singlet hydride peak ( -8.2, 4H) in the 1H 

NMR spectrum at room temperature, which resolves to two broad singlets at -45 °C (Figure S39). 

The T1(min) of the two hydride peaks (24.5 ms and 28.6 ms) indicates that this species is a 

bis(dihydrogen) complex, 1-H4 (Scheme 2). 1-H4 is unstable at room temperature in the absence 

of H2 atmosphere; the color of a toluene solution slowly turns dark from pale yellow in several 

hours. The 1H NMR spectrum showed that H/D exchange with toluene-d8 solvent also occurred 
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at room temperature over the course of several hours, with loss of the hydride signal relative to 

the iPrxanPSP ligand resonances. 

When a toluene solution of 1-H4 was charged with 1 atm ethylene, 31P and 1H NMR spectra 

revealed a product consistent with formulation as (iPrxanPSP)Ru(C2H4)2, 1-(C2H4)2 (Scheme 2). 

This assignment was confirmed by single-crystal X-ray diffraction (Figure 1). The molecular 

structure of 1-(C2H4)2 shows the Ru, P and S atoms to be very nearly in the same plane (with Ru 

only 0.16 Å out of the P-S-P plane), as with a typical pincer complex geometry. However, in 

contrast to typical pincer complexes, the overall geometry has neither an approximate mirror 

plane containing the pincer ligand, nor even approximate C2 symmetry. Instead the pincer ligand 

has adopted a pronounced bowl-like structure. This is in contrast with complexes of the ether 

analogue iPrxanPOP, in which the ligand adopts a planar or approximately planar configuration 

when coordinated in a tridentate meridional (i.e. pincer) fashion41, 65-66. The difference is 

presumably attributable to the greater tendency of O than S toward sp2 hybridization as well as 

the greater length of the Ru-S bond compared with a Ru-O bond. The pyramidal geometry at 

sulfur 1-(C2H4)2 (the average of the bond angles formed by the three bonds to S is 103.9°) allows 

the approximately meridional coordination geometry at ruthenium. As a result of this severe 

distortion from overall planarity of the PSP ligand the ethylene ligands are inequivalent and 

there are four peaks in the 1H NMR spectrum attributable to coordinated ethylene.

Page 5 of 33

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

Figure 1. Molecular structure of 1-(C2H4)2 determined by single crystal XRD. H atoms other than 
those on ethylene ligands omitted for clarity. Thermal ellipsoids shown at 50% probability level. 
Selected distances (Å) and angles (°): Ru1-S1 2.314(1), Ru1-P1 2.354(1), Ru1-P2 2.336(1), Ru1-C36 
2.203(5), Ru1-C37 2.156(5), Ru1-C38 2.148(5), Ru1-C39 2.189(5), C36-C37 1.435(7), C38-C39 
1.422(7), P1-Ru1-P1 161.02(5), S1-Ru1-P1 80.86(4), S1-Ru1-P2 81.31(4), C39-Ru1-S1 91.7(1), C36-
Ru1-S1 100.7(1), C(13)-S(1)-C(1) 99.5(2), C(13)-S(1)-Ru(1) 106.1(2), C(1)-S(1)-Ru(1) 106.11(2)

A one-pot synthesis of 1-(C2H4)2 (Scheme 2) in which iPrxanPSP and [(p-cymene)RuCl2]2 were 

allowed to react in toluene, followed by addition of H2/t-BuOK and then ethylene, afforded a 

50% yield of 1-(C2H4)2. Synthesis of the tBuxanPSP analogue was also attempted, but the initial 

metalation step appeared to be unsuccessful.

2. Catalytic Alkane Dehydrogenation. 1-(C2H4)2 was first investigated as a pre-catalyst for 

alkane transfer-dehydrogenation with the benchmark acceptor/alkane couple,39-40 TBE (300 

mM) in COA solvent (7.43 M) ([1-(C2H4)2] = 1.0 mM) (Scheme 3). Remarkably, at 180 °C, transfer-

dehydrogenation was complete in 5 min, which corresponds to an average turnover frequency 

of 1.0 s-1 (Figure 2a). The maximum TOF is presumably much greater since this average includes 

time required to approach 180 °C and time after the reaction was over. Even at 150 °C the 

reaction was nearly complete after 5 min (230 TO; average TOF = 0.8 s-1), reaching completion 
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within 60 min (Figure 2c). At 120 °C, the reaction was more than 50% complete after 30 min 

(average TOF = 0.1 s-1) and was complete within 250 min (Figure 2e). When a drop of mercury 

was added to the reaction mixture the activity was unchanged, indicating that the reaction does 

not proceed via colloidal metal.67 To our knowledge these values represent the fastest reported 

examples of alkane transfer-dehydrogenation by any solution-phase (or supported molecular) 

catalyst, or indeed any catalyst, at these relatively low temperatures.68-72 For example, to our 

knowledge the fastest previous example at 150 °C was reported by Huang and co-workers; 

(NCP)IrHCl (NCP = 2-((di-tert-butylphosphaneyl)oxy)-6-(pyridin-2-yl)phenyl) catalyzed COA/TBE 

hydrogen transfer with 168 TO obtained after 10 min (average TOF = 0.28 s-1).72 We are not 

aware of reports  of any comparable catalyses effected at or near 120 °C. 

Scheme 3.  COA/TBE Transfer Dehydrogenation Catalyzed by (iPrxanPSP)Ru
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Figure 2. COA/TBE transfer dehydrogenation catalyzed by 1-(C2H4)2 (1.0 mM in cyclooctane 
solvent) at 120 °C, 150 °C, and 180 °C with 300 mM TBE and 600 mM TBE. 

A short induction period was noted at 120 °C (Figure 2e). After 5 min only 2.3 TO had 

resulted whereas (in a separate run) 61 TO were obtained after 10 min (indicating an average 

TOF of 0.2 s-1 after the first 5 min), and 171 TO after 30 min. We attribute the induction period 

to the time required for the 1-(C2H4)2 precursor to lose ethylene. Note that although ethylene is 

expected to bind much more strongly than TBE to 1, thereby inhibiting the reaction, it is also 

presumably much more readily hydrogenated69; therefore, once the reaction gets underway and 

hydride is formed, the ethylene is expected to be quickly removed from the system.

With a higher concentration of TBE, 600 mM, initial rates were somewhat slower, perhaps 

due to inhibition by coordination of TBE (Figure 2b, d, f). But a much more dramatic difference 

was that the reaction never approached completion or even approached the product 

concentration of 300 mM that was obtained with 300 mM TBE. The very different reaction 
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profile with 600 mM vs. 300 mM TBE strongly indicates an effect of impurities in the 

commercially obtained TBE. In particular, Roddick has reported that isoprene impurity in TBE can 

act as a catalyst poison73 (and presumably precursors of isoprene, or perhaps other small olefins 

or precursors thereof, could do the same). Accordingly, when a lower grade of TBE (97%) was 

used the activity was dramatically decreased. We therefore distilled TBE (higher-grade; 98.5%) 

to obtain a lower-boiling-point fraction and a residue. In accord with the proposed effect of 

isoprene (b.p. 34 °C) (or perhaps other light olefins or olefin-precursors), the turnover rates and 

numbers obtained using the distillate were significantly lower than those obtained with the 

undistilled TBE, while activity obtained with the residue was greater than with undistilled TBE 

(Figure 3).

0 20 40 60 80 100 120
0

50

100

150

200

250

600 mM TBE distillation residue
600 mM TBE (commercial, 98.5%)
600 mM TBE distillate
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Figure 3. COA/TBE (600 mM) transfer dehydrogenation catalyzed by 1-(C2H4)2 (1.0 mM in 
cyclooctane solvent) at 150 °C, with commercially obtained TBE (98.5%), and with the distillate 
and residue from its distillation.

While the level of catalytic activity with the benchmark COA/TBE couple was found to be 

extremely high, results with n-octane were significantly less favorable. For example, as noted 

Page 9 of 33

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

above, after 5 min at 150 °C with 300 mM TBE and 1 mM precatalyst in COA solvent, 230 TO 

were obtained (Figure 4a). In contrast, with n-octane, after 120 min only 17 TO were obtained 

and only 32 TO after 2400 min under the same conditions (Figure 4d).
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(c )  1 - (C2H42)2  +  1 -hexene  (4  mM)/COA

(d)  1 - (C2H4)2/n-octane
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Figure 4. Alkane transfer dehydrogenation ([TBE] = 300 mM) catalyzed by (iPrxanPSP)Ru 
precursors (1.0 mM) at 150 °C. (a) 1-(C2H4)2 in COA (b) 1-(3-allyl)(H) in COA (c) 1-(C2H4)2 in COA 
with 1-hexene (4.0 mM) added (d) 1-(C2H4)2 in n-octane (e) 1-(C2H4)2 in n-octane/COA (1:1 v:v).

The much lower TOF and TONs obtained with n-octane would seem to suggest that it is a 

much less reactive substrate. This might seem unsurprising since the dehydrogenation enthalpy 

of COA (ca. 23 kcal/mol) is much less than that of n-octane (28 kcal/mol at C2-C3 and 30 

kcal/mol at the terminal position).74-75 However, we have found that (tBuPCP)Ir is actually 

selective for dehydrogenation of n-alkanes over COA in competition experiments, but inhibition 

by linear olefin products results in slightly lower rates of n-alkane dehydrogenation in 

independent experiments.76 
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In the context of the above, we prepared a COA solution 1.0 mM 1-(C2H4)2 and 300 mM TBE 

to which was added 1-hexene (to 4.0 mM). Dehydrogenation activity was reduced dramatically 

by even this low concentration of 1-alkene (Figures 4a and 4c). With COA and n-octane (1:1 v:v) 

the dehydrogenation activity was even lower (Figure 4e), presumably due to the formation of 

linear octenes although COE was the only olefin that was detected.

We also note that despite (iPrxanPSP)Ru being an excellent catalyst for transfer 

dehydrogenation of COA, it is found not to be very effective for acceptorless dehydrogenation of 

the same substrate. For example, upon heating a COA solution of 1-(C2H4)2 (1.0 mM) to reflux 

(151 °C) in an argon-purged vessel, 3.6 mM COE was observed after 30 min (of which 2.0 mM 

was likely due to hydrogenation of the initially coordinated C2H4), with total concentrations of 

4.5 mM COE and 14 mM COE obtained after 1.0 h and 48 h respectively. This contrasts with 

previously reported results for acceptorless dehydrogenation of COA by (iPrPCP)IrH2 (1.0 mM) 

which yielded 47 mM COE after 30 min and 105 mM after 15 h.77

3. Speciation: Formation of Allyl Complexes. The reactions of 1-(C2H4)2 with 1-hexene, 

propene or -methylstyrene at 70 °C to 100 °C in toluene-d8 all led to compounds that showed 

an AB pattern in the 31P NMR spectrum with resonances at ca.  86 and  90 (1-hexene, 86.4, 

89.4 ; propene, 87.3, 92.8; 2-methylstyrene, 85.6, 88.5) and JPP = 263 – 265 Hz (Scheme 4). The 

1H NMR spectra of the PSP ligands are likewise consistent with an absence of molecular 

symmetry; for example two inequivalent backbone t-Bu groups are clearly observed. A peak at 

ca.  -11 in the 1H NMR spectra is a doublet of doublets (2JPH = 30.8 Hz, 22.1 Hz for the product of 

the propene reaction) indicative of a hydride coupled to two inequivalent phosphino groups. All 

spectroscopic data are consistent with the assignment of these species as (iPrxanPSP)Ru(3-
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allyl)(H) (1-(3-allyl)(H)), and derivatives thereof, with the allyl ligand oriented so that the 

phosphino groups are inequivalent. The chemical shifts of the allyl group C2 protons are quite 

downfield (1-hexene,  4.85-4.95; propene,  5.07; -methylstyrene,  5.87) while the C1 and C3 

protons resonate at ca.  1.0 to  2.5, in agreement with reported RuII allyl and phenylallyl 

complexes.78 Confirming the assignment, we obtained crystals from the reaction with propene 

which allowed X-ray crystallographic determination of the structure (Figure 5).

      

Scheme 4. Formation of Allyl Complexes from 1-(C2H4)2

Figure 5. Molecular structure of 1-(3-allyl)(H), obtained from the reaction of 1-(C2H4)2 with 
propene, determined by single crystal XRD. H atoms (except allyl group and hydride) omitted for 
clarity. Thermal ellipsoids shown at 50% probability level. Selected distances (Å) and angles (°): 
Ru1-S1 2.2652(10), Ru1-P1 2.2995(11), Ru1-P2 2.3081(10), Ru1-C36A 2.227(5), Ru1-C37A 
2.185(5), Ru1-C38A 2.239(5), S(1)-Ru(1)-P(1) 82.83(3), S(1)-Ru(1)-P(2) 84.26(3), C(36A)-Ru(1)-S(1) 
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167.0(2), C(38A)-Ru(1)-S(1) 102.7(2), C(36A)-Ru(1)-P(1) 104.6(3), C(36A)-Ru(1)-P(2) 93.4(3), 
C(37A)-Ru(1)-P(1) 92.87(19), C(37A)-Ru(1)-P(2) 114.8(2), C(38A)-Ru(1)-P(1) 110.9(3), C(38A)-
Ru(1)-P(2) 97.4(3)

1-(3-allyl)(H) (1 mM) was found to act as a catalyst precursor for COA/TBE dehydrogenation 

(Figure 4b), but was far less active than 1-(C2H4)2 (Figure 4a). The activity of this solution was, 

however, much greater than that obtained from a COA solution of 1-(C2H4)2 to which 1-hexene 

(4.0 mM) had been added (Figure 4c).

A p-xylene-d10 solution of n-octane (500 mM), 1-(C2H4)2 (10 mM), and TBE (500 mM) was 

heated to 150 °C and monitored by 1H and 31P NMR. The resulting NMR spectra were essentially 

identical to those resulting from the reaction with 1-hexene; presumably this is attributable to 

the 3-octenyl analogue of the 3-hexenyl hydride complex. The observation of this species as 

the resting state during octane dehydrogenation (Figure S43), and the observation that addition 

of 1-hexene or n-octane to a COA solution strongly inhibits COA dehydrogenation (Figure 4c, e), 

indicate that the stability of these allyl hydrides accounts at least in large part for the relatively 

low level of activity for n-alkane dehydrogenation.

After heating a COA solution of 1-(C2H4)2 (28 mM) and TBE (780 mM) for 9 min at 130 °C, an 

AB pattern similar to those of the linear allyl hydrides was observed in the 31P NMR spectrum, 

with chemical shifts of  79.8 and  92.8 and JPP = 253 Hz. In the 1H NMR spectrum a hydride 

peak (dd) was present at  -11.35 with P-H coupling constants of 36.6 Hz and 22.8 Hz, similar to 

the hydride of the linear allyl hydride complexes. In analogy with the linear allyl hydrides, we 

assign this species as a cyclo-3-allyl hydride. In addition, a singlet at  84.0 was observed in the 

31P NMR spectrum, representing a species present at concentration comparable to that of the 

putative cyclo-3-allyl hydride. In accord with this assignment, the reaction of 1-(C2H4)2 with 
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cyclooctene (COE) in benzene or toluene at 100 °C for 4 h afforded the same set of resonances in 

the 31P NMR spectrum (Figure S44). Therefore it appears that COE, like linear olefins, reacts with 

the (iPrxanPSP)Ru fragment to afford an 3-allyl hydride, but also the species with chemical shift 

 84.0 which we propose to be the simple 2-cyclooctene adduct.

To independently obtain the proposed cyclo-3-allyl hydride, we added 1,3-COD (3 equiv) to 

1-H4. This indeed yielded, as determined by 1H NMR, 13C NMR, gCOSY, gHSQC and 31P NMR 

spectroscopies, the pure complex that was proposed to be the cyclo-3-allyl hydride. The 13C 

NMR spectrum, in addition to the aromatic peaks, showed two singlets in the far downfield 

region ( 141.00,  119.01) which by gHSQC were correlated to the vinyl peaks in the 1H NMR 

spectrum ( 6.90,  5.35-5.46). In addition to the three allylic peaks ( 81.41,  55.98,  42.94), 

only three signals attributable to secondary carbons were present in the 13C NMR spectrum. The 

gCOSY and large chemical shift difference in the 1H NMR and 13C NMR signals indicate that vinyl 

carbons are adjacent to the allyl group. These spectroscopic features are all consistent with 

characterization as a 3,4,5-3-octa-1,2-dienyl complex, (iPrxanPSP)Ru(3,4,5-3-octa-1,2-

dienyl)(H)79-80 (Scheme 5).

Scheme 5. Reaction of 1,3-Cyclooctadiene with (iPrxanPSP)Ru(H2)2 (1-H4)
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4. DFT Calculations. Electronic structure calculations based on density functional theory 

(DFT) support and allow us to expand upon our interpretations, presented above, of the catalytic 

activity of (iPrxanPSP)Ru complexes, particularly as compared with analogous (iPrPCP)Ir 

complexes. DFT calculations were carried out on the reactions discussed above using the M06 

functional. We replaced the inner electrons in metal atoms by effective core potentials and 

applied valence basis sets of triple-zeta quality or better for all atoms.64

4.1. Dehydrogenation of n-Alkanes. The (iPrxanPSP)Ru fragment itself was calculated to be 

extremely reactive for alkane dehydrogenation, much more so than the (iPrPCP)Ir analogue. 

For 1,2-dehydrogenation of n-hexane the free energies of the transition states (TSs) for 

n-hexane C-H addition to (iPrxanPSP)Ru (TS2-3) and subsequent -H elimination (TS3-4) were 

calculated to be, respectively, 0.7 kcal/mol and 9.4 kcal/mol below that of the free three-

coordinate fragment plus n-hexane (7.6 M) (Figure 6a). The TS for C-H addition (TS2-3) connects a 

-C-H bond complex, 2 (G = -9.4 kcal/mol) with the n-alkyl hydride, 3 (G = -8.7 kcal/mol) (all 

free energies are expressed relative to the free (pincer)metal fragment and appropriate organic 

molecules unless specified otherwise). The TS for -H elimination (TS3-4) leads to a 1-hexene cis-

dihydride complex (4) with G = -20.2 kcal/mol; note that TS3-4, although of course higher on the 

electronic energy surface (by only 0.4 kcal/mol) is actually calculated to be lower in free energy 

than the alkyl hydride complex 3. Attempts to find a TS for loss of 1-hexene led instead to a 

transition state (TS4-5) which connected to a complex (5) in which a 1-hexene C(4)-H bond is 

bound in a sigma fashion to the Ru center (dRu-H = 2.14 Å)81 with G = -4.7 kcal/mol. The 

structure of the (PSP)RuH2 unit is very nearly the same in both this -C-H complex and the 

unbound (iPrxanPSP)RuH2 product. While a TS for dissociation of 1-hexene from this complex 

could not be located, we can therefore presume that the enthalpic barrier in the reverse 

direction (-C-H bond coordination to (iPrxanPSP)RuH2) is very small, and the enthalpic barrier 
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for loss of 1-hexene is therefore approximately equal to that of the enthalpy of binding (13.0 

kcal/mol). If we assume that S‡ for this dissociative process is ca. 10-20 eu, then (at 298 K) G‡ 

for this step is 7 - 10 kcal/mol, and the energy of the hypothetical transition state for loss of 1-

hexene is inferred to be between G = 2.3 kcal/mol and G = 5.3 kcal/mol. As approached from 

the reverse direction, the free energy of this TS may be estimated by again assuming that 

coordination of the C-H bond to (iPrxanPSP)RuH2 has no significant enthalpic barrier, and 

therefore the rate is nearly diffusion limited. Assuming a rate constant between 107 M-1⋅s-1 and 

109 M-1⋅s-1 implies a barrier for coordination, G‡
298, between 5.2 and 7.9 kcal/mol, which 

corresponds to a TS with free energy between 2.6 kcal/mol and 5.3 kcal/mol, consistent with the 

above estimate. (For the sake of clarity we express this estimated free energy of the 

hypothetical transition state as 4 ± 2 kcal/mol in Figure 6).

Page 16 of 33

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

(a)   

[Ru] H

H

C2H5H

+ [Ru]
H

CH2(CH2)4CH3

[Ru]

H
[Ru]

CH2(CH2)4CH3

-0.7

0.0

-8.7 -9.4

-20.2

-2.6

1-hexene +

+ 1-hexene

1-hexene
    +

+ 1-hexene

S

tButBu

iPr2P PiPr2

[Ru]  =

Ru-23.8

[Ru]

C4H9

+ n-hexane
[Ru]

H

C3H7

-36.7

+ [Ru]H2

H

CH2(CH2)4CH3
[Ru]

+ 1-hexene

-9.4

H

[Ru]

H2C
C4H9

H

[Ru] H

C4H9

H

4 ± 2

2 1-hexene

[Ru]

n-hexane +

H
C3H7

H

-16.7

-4.7

[Ru] H

H

C2H5H

0.0

1-hexene +

[Ru] H

C4H9

H

1-hexene +

+ 1-hexene

n-hexane +

‡

‡

‡

‡

2

3

4

5

TS2-3

TS3-4

TS4-5

6

7

TS6-7

  

(b)

PiPr2

PiPr2

Ir

[Ir] +

12.2
(10.8)

0.0

17.5
(20.5)

H

[Ir]

H C4H9

6.4 8.5

+ 1-hexene

+ 1-hexene

+ 1-hexene

+ 1-hexene

2 1-hexene

[Ir] =

-21.9

[Ir]

C4H9

+ n-hexane

[Ir]

H

C3H7 -13.3

H

CH(CH2)3CH3

[Ir]

H
[Ir]

CH(CH2)3CH3

CH3

CH3

9.9
(7.7)

+ [Ir]H2

H

CH(C3H7)
[Ir]

CH3H2C

n-hexane +

H
[Ir]

CH(CH2)3CH3H
C
H2

n-hexane +

4.9

‡

‡

‡

Figure 6. Free energy profile (kcal/mol) of 1,2-dehydrogenation of n-hexane by (a) (iPrxanPSP)Ru 
and (b) (iPrPCP)Ir. Free energies calculated for [n-hexane] = 7.65 M (concentration of neat 
solvent) and for [1-hexene] = 1.0 M. “‡” indicates calculated transition state.
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Based on the above considerations, and as illustrated in Figure 6a, loss of 1-hexene from 

(iPrxanPSP)RuH2(1-hexene) (4), proceeding via 5, is the calculated rate-determining step for 

n-hexane dehydrogenation by (iPrxanPSP)Ru. If the resting state were (iPrxanPSP)Ru(1-hexene) (6) 

(G = -23.8 kcal/mol), the overall barrier to dehydrogenation would be [(4 ± 2) - (-23.8)] kcal/mol 

or 28 ± 2 kcal/mol, corresponding to a fairly rapid reaction (e.g. ca. 0.03 s-1 at 150 °C). (For a 

transfer-dehydrogenation cycle, subsequent hydrogenation of an acceptor like 1-hexene, i.e. the 

reverse reaction, has a much lower barrier.) However, (iPrxanPSP)Ru(1-hexene) is calculated to 

undergo facile tautomerization via TS6-7 (G‡ = 7.1 kcal/mol) to give (iPrxanPSP)Ru(3-hexen-3-

yl)(H) (7), which is 12.9 kcal/mol lower in free energy than 6. Thus the calculated overall barrier 

for dehydrogenation is ca. 41 ± 2 kcal/mol, consistent with the very slow observed rates and of 

course consistent with the observation of an allyl hydride resting state.82

Note that the very unsymmetric bowl-like structure of the (iPrxanPSP)Ru unit results in two 

possible diastereomers for the complexes shown in Figure 6a. The lower-energy diastereomers 

(free energies shown) are those in which the bulkier substituents are located "outside the bowl" 

(exo vs. endo). For example the endo product of 1-hexyl C-H addition and the corresponding TS 

are, respectively, 3.6 kcal/mol and 3.5 kcal/mol higher than the exo isomers. The difference is 

much greater for the more crowded product of -H elimination (4) and the corresponding 

transition state (TS3-4); the endo analogues are 16.3 kcal/mol and 16.0 kcal/mol higher in free 

energy, respectively. This large effect of pincer ligand conformation may have significant 

implications for future catalyst design.

In contrast with (iPrxanPSP)Ru, 1,2-dehydrogenation of n-hexane by the (iPrPCP)Ir fragment is 

calculated to have significant barriers to C-H addition and -H-elimination: G = 12.2 kcal/mol 

Page 18 of 33

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

and 17.5 kcal/mol, respectively (Figure 6b). (These values are for a pathway proceeding via initial 

addition of the C(2)-H bond; for a pathway proceeding via initial addition of the C(1)-H bond, the 

respective values are 10.8 kcal/mol and 20.5 kcal/mol). Since these barriers are much higher 

than those in the reaction of (iPrxanPSP)Ru, while the free energy of the binding of 1-hexene to 

(iPrPCP)Ir is comparable to that of 1-hexene binding to (iPrxanPSP)Ru, the Ru fragment would be 

much more reactive than (iPrPCP)Ir if the respective 2-1-hexene complex were the resting state 

in both cases. However, in contrast with (iPrxanPSP)Ru, for (iPrPCP)Ir the corresponding allyl 

hydride, although accessible as an intermediate out-of-cycle species,69, 83 is higher in free energy 

than the olefin complex and therefore does not result in catalyst inhibition. The magnitude of 

the difference in the relative energies of these species is striking; isomerization of the 2-1-

hexene complex to the 3-allyl hydride is endergonic by 8.6 kcal/mol for (iPrPCP)Ir, vs. 12.9 

kcal/mol exergonic for (iPrxanPSP)Ru; thus G = 21.5 kcal/mol. 

4.2. Dehydrogenation of Cyclooctane. The 2-cyclooctene complex of (iPrxanPSP)Ru is 

calculated to have a free energy that is 16.4 kcal/mol below that of the free species (Figure 7a). 

This represents substantially weaker binding than to 1-hexene (23.8 kcal/mol). An even greater 

difference between the COE and 1-alkene complexes concerns tautomerization to give the allyl 

hydride which, as noted above, is 12.9 kcal/mol exergonic for 1-hexene; by contrast, the 3-

cyclooctenyl hydride complex of (iPrxanPSP)Ru is calculated to be slightly higher in free energy 

(by 1.3 kcal/mol) than the 2-cyclooctene complex (Figure 7). The 3,4,5-3-octa-1,2-dienyl 

complex, however, is calculated to have a free energy that is surprisingly lower than the 3-

cyclooctenyl complex (G = -23.7 kcal/mol vs. -15.1 kcal/mol). 
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Figure 7. Free energy profile (kcal/mol) of (a) dehydrogenation of COA and (b) hydrogenation of 
TBE, by (iPrxanPSP)Ru. Free energies calculated for [COA] = 7.43 M (concentration of neat 
solvent) and for [COE] = [TBE] = 1.0 M. “‡” indicates calculated transition state. Energies of TBE 
reaction profile are relative to that of (iPrxanPSP)RuH2 plus TBE, which is set at -5.6 kcal/mol to 
facilitate combination of COA dehydrogenation and TBE hydrogenation. (See Figure S45 for 
corresponding profile for COA dehydrogenation by (iPrPCP)Ir.) 

C-H addition of COA, as with n-hexane, is calculated to be very facile, with a TS that is only 

0.5 kcal/mol higher in free energy than the free species (Figure 7a). This TS connects to an alkyl 

hydride which has a pronounced -H agostic interaction (dRu-H = 1.915 Å) and a low free energy 
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(G = -18.2 kcal/mol). (We have previously shown that the cyclooctyl group can form a 

particularly strong agostic bond since the eclipsed C-H bond interactions that are required for 

agostic bond formation are already present in the non-agostic cyclooctyl group, as well as in the 

free alkane, being responsible for the well known ring strain of COA.7) -H elimination directly 

from the agostic species would lead to the trans-dihydride COE complex, but in fact, the lowest 

calculated -H elimination leads to the cis-dihydride COE complex; therefore loss of the agostic 

interaction must precede -H elimination. The resulting cyclooctyl ruthenium hydride, as was 

found for 1-hexyl hydride, is slightly higher in free energy (G = 2.4 kcal/mol) than the -H 

elimination TS (G = 1.2 kcal/mol). The overall barrier for the dehydrogenation (Figure 7a) from 

a 3,4,5-3-octa-1,2-dienyl resting state is calculated to be 26.1 kcal/mol under the assumed 

concentrations of 7.4 M COA and 1.0 M COE. Under typical reaction conditions, with [COE] 

increasing from 0 to 0.3 M, the free energy barrier would be lower; e.g. at 0.1 M COE it would be 

lower by TS = T(2 x R⋅ln10) = 2.7 kcal/mol (two mol COE are liberated in the pathway from 3-

octa-1,2-dienyl resting state to the -H elimination TS) to give a total G‡ = 23.4 kcal/mol. 

The subsequent reaction of (iPrxanPSP)RuH2 with TBE to regenerate the reactive fragment 

(iPrxanPSP)Ru is calculated to be very fast (Figure 7b). As with 1-hexene, attempts to locate the 

TS for the addition of TBE to (iPrxanPSP)RuH2 to yield (iPrxanPSP)RuH2(-olefin) only led to a TS 

(TS4-5-TBE) connecting the -olefin dihydride complex (4-TBE) with a -C(4)-H complex (i.e. a 

t-butyl -C-H complex, 5-TBE). The free energy of this TS is only 2.5 kcal/mol above free TBE and 

(iPrxanPSP)RuH2. Formation of the sigma complex from the free species appears to have no 

barrier on the energy surface; a diffusion-controlled rate, with an effective barrier of G‡ 

between ca. 5 and 8 kcal/mol as discussed above, would therefore be rate-limiting for formation 
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of (iPrxanPSP)RuH2(-TBE) (4-TBE). 4-TBE is more crowded than the analogous 1-hexene complex 

and its free energy is only 14.5 kcal/mol below that of free olefin plus (iPrxanPSP)RuH2 (cf. 17.6 

kcal/mol for 1-hexene). Subsequent insertion of the TBE double-bond into an Ru-H bond is 

kinetically facile; the transition state (TS3-4-TBE) is lower in free energy than that of the resulting 

alkyl hydride (3-TBE) as was found for the reaction of the analogous 1-hexene complex. The rate-

determining step for the overall TBE hydrogenation is C-H reductive elimination of 2,2-

dimethylbutane, the TS for which (TS1-2-TBE) has a free energy only 15.9 kcal/mol above 

(PSP)RuH2(-TBE). The TBE hydrogenation component of the COA/TBE transfer dehydrogenation 

cycle is therefore even faster than the COA dehydrogenation. The free energy of activation for 

the COA dehydrogenation segment, G‡ = 23.4 kcal/mol, is therefore the activation free energy 

for the overall COA/TBE transfer dehydrogenation. This value compares quite well with a value 

of G‡ ≅ 24.5 kcal/mol inferred from the rate of approximately 0.2 s-1 determined 

experimentally at 120 °C.

The same set of calculations that explains the rapid transfer-dehydrogenation of COA by 

(iPrxanPSP)Ru also sheds light on its poor performance as a catalyst for acceptorless COA 

dehydrogenation, particularly as compared with (iPrPCP)Ir (as described above). Although the TSs 

for loss of H2 from neither (iPrxanPSP)RuH2 nor (iPrPCP)IrH2 could be located, the free energy of H2 

loss from the Ru complex is G298 = 25.3 kcal/mol; this value is 11.1 kcal/mol greater than that 

for the much more effective acceptorless COA dehydrogenation catalyst, (iPrPCP)IrH2.

4.3. Stability of the Ruthenium Allyl Hydrides. The formation of stable linear allyl complexes, 

in contrast with the strained and crowded cyclic allyl complex, appears to be the key factor 

preventing (iPrxanPSP)Ru from being a highly effective catalyst for dehydrogenation of linear 
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alkanes. This leads to the question as to why the isomerization of (iPrxanPSP)Ru(2-1-hexene) to 

the 3-hex-1-enyl complex is so much more favorable (G = 21.5 kcal/mol) than the analogous 

reactions of (iPrPCP)Ir complexes.   

It is tempting to attribute the much greater tendency of (iPrxanPSP)Ru0(2-olefin) to undergo 

allylic C-H oxidative addition to give the RuII 3-allyl hydride, as compared with the analogous 

IrI/IrIII reaction, to the lower oxidation state of the Ru complex. The full explanation, however, is 

perhaps not quite so simple. For example, H2 addition to the 14e fragments is "only" 11.1 

kcal/mol more favorable for Ru0 than for IrI. For H2 addition to the corresponding 1-hexene 

complexes however, G = 26.6 kcal/mol favoring Ru0, an amount even greater than the 21.5 

kcal/mol for the 2-olefin to 3-allyl hydride interconversion. This is consistent with results of 

previous studies in our lab in which it was found that H-H or C-H "oxidative" addition to three-

coordinate d8 (pincer)M fragments is not physically oxidative,10, 84 whereas addition of the same 

substrates to four-coordinate d8 complexes such as (pincer)M(olefin) and (pincer)M(CO) do in 

fact have a significant oxidative component;10 those additions are therefore significantly more 

favorable for the more electron-rich species. We propose that this largely accounts for the high 

stability of the RuII 3-allyl hydrides, although more detailed investigation of the characteristics 

of (iPrxanPSP)M fragments are currently underway in our laboratory.

■  CONCLUSIONS

We report the development of a (PSP)Ru system for the transfer dehydrogenation of 

alkanes. For the "benchmark" COA/TBE transfer dehydrogenation, average TOFs are measured 

to be on the order of 1 s-1 at 180 °C. Since the reaction approaches completion within 5 min 
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(approximately the time required to reach that temperature), TOFs are presumably much higher 

at certain time points. Even at 120 °C, an average TOF as high as 0.2 s-1 is obtained. Rates and 

turnover numbers with linear alkanes, however, are much lower. Linear allyl complexes 

(PSP)Ru(3-alkenyl)(H) have been observed and isolated, during and after catalysis with 

n-alkanes.

The DFT calculations afford insight into the high but limited activity of the (iPrxanPSP)Ru 

system. Compared with the closely related catalytically active fragment, (iPrPCP)Ir, calculated 

free energies of the respective in-cycle species and 2-alk-1-ene complexes would suggest that 

the (iPrxanPSP)Ru system would be significantly more active. However, in the case of linear 

olefins, the corresponding 3-allyl hydride complexes are calculated to be extremely stable, in 

accord with experimental observations, and this stability is responsible for the low activity of the 

(iPrxanPSP)Ru with n-alkanes. 

Consideration of catalysts for alkane functionalization and dehydrogenation in particular 

often focuses on the C-H activation step or perhaps the subsequent -H elimination step. But the 

free energy of the resting state, as in any catalytic cycle, is equally important. This work highlights 

that variations in the nature and energy of the resting state may be even more important than 

the variability in free energy of either the C-H activation or -H elimination step. In the case of n-

alkane dehydrogenation, the very great difference between the stability of 3-linear-allyl hydride 

complexes of (iPrPCP)Ir vs. (iPrxanPSP)Ru explains the much greater effectiveness of the former, 

while the relative instability of 3-cyclooctenyl complexes allows (iPrxanPSP)Ru to be much more 

active than (iPrPCP)Ir for dehydrogenation of cyclooctane. Alkane dehydrogenation catalyzed by 

complexes of the type considered in this work requires that the metal center undergoes C-H 
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addition and then -H elimination; the valence-electron count of the active fragment must 

therefore also permit the formation of the corresponding allyl hydride complexes. Perhaps of 

particular note in this context, (PCP)Ru-based alkane dehydrogenation catalysts have proven to 

be the most effective alternatives to (PCP)Ir, and certainly the most effective Ru-based species.16, 

44 Because the valence electron count of the (PCP)Ru fragment is 15e (cf. 14e for (PSP)Ru or 

(PCP)Ir), the corresponding olefin complexes (e.g. (PCP)Ru(olefin)H) cannot undergo tautomerism 

to give a higher-oxidation-state allyl complex. To our knowledge, the stability of 3-allyl 

complexes has never previously been proposed as a major factor determining the activity of 

alkane dehydrogenation catalysts; this work indicates, however, that it should be an important 

consideration in the design of such catalysts.
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