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Abstract 

The putative intermediate frans-[Ru((R)-BINAP)(H)(r|2-H2)((Rf?)-dpen)]+ 

(1, BINAP = 2(2
,-bis(diphenylphosphino)-1,1'-binaphthyl) 2, dpen = 1,2-

diphenylethylenediamine, 3) was synthesized in high yield at low temperature in 

2-PrOH-d8 rich solutions without H-D exchange of the hydride and r|2-H2 

ligands. Compound 1 has the highest H-D coupling constant of a TI2-H2 ligand to 

date. Further, 1 was not catalytically active (4 atm H2, 30 °C, 2000 equiv 

acetophenone, 4) in the absence of base. Stoichiometric amounts of either t-

BuOK or NaBhU activated 1 towards the hydrogenation to afford 1-

phenylethanol (5) in 78, and 81% ee (S), respectively. Compound 1, however, 

does not react with base in 2-PrOH-de to form the expected dihydride, trans-

[Ru((R)-BINAP)(H)2((f?,R)-dpen)] (6), but rather the 2-propoxide trans-[Ru{(R)-

BINAP)(H)(2-PrO)((R,f?)-dpen)](7). 

Compound 1 decomposes in 2-PrOH-d8 upon removal of H2, and does 

not form the expected solvento compound frans-[Ru((R)-BINAP)(H)(2-PrOH-

d8){{R,R)-dpen)] (8). If 1 is prepared in THF-ofe, H2 can be removed to form the 

solvento compound frans-[Ru((R)-BINAP)(H)(THF-d8)((R,R)-dpen)] (9). Further, 

9 reacts with H2 to regenerate 1. Compounds 1 and 9, react with one equiv of t-

BuOK in wet THF-ofe to form the Ru-hydroxide compound frans-[Ru((R)-

BINAP)(H)(OH)((R,R)-dpen)] (10), not the expected dihydride 6 and amide 

[Ru((R)-BINAP)(H)((R,f?)-NH(CH(Ph))2NH2)] (11), respectively. 



Compounds 7 and 10 are stable, and can be isolated and studied 

independently. Neither 7 nor 10 react with H2 in THF-af8 to form the expected 

dihydride 6. Compounds 7 and 10, however, react with f-BuOK in THF at -80 °C 

to form the hydrogen bonded species frans-[Ru((fi)-BINAP)(H)(2-PrO)((f?,f?)-

NH2(CH(Ph))2NH»«H"»-0-f-Bu)] (12) and frans-[Ru((R)-BINAP)(H)(OH)((ft,R)-

(NH2(CH(Ph))2NH—H»«-0-f-Bu)] (13), respectively. Compounds 12 and 13 

react cleanly with H2 to form the dihydride 6. Further, 9 and 10 react with the 

stronger base, ((CH3)3Si)2NK, THF at -80 °C to form the amide 11 in high yields. 

Compound 11 reacts reversibly with H2 to form the dihydride 6. 

Compound 6 reacts with one equivalent of 4 in THF-ds to form the 

alkoxide species /rans-[Ru((R)-BINAP)(H)(PhCH(CH3)0)((RR)-dpen)] (14), not 

the expected amide and 1-phenylethanol (5). The ee of the liberated 1-

phenylethanol was 83% (S). Thus, the absolute configuration of the 1-

phenylethoxide ligand in the major diastereomer of 14 is S, and the minor 

diastereomer of 14 was present in -8.5 % abundance. Further, intermolecular 

trapping experiments indicate that 11 and 5 do not form as distinct species in 

solution. Additionally, compounds 6 and 11 racemize (f?)-1-phenylethanol (5') in 

THF. This result indicates the reduction is reversible. 2-PrOH solvent inhibits 

the racemization of 5, maintaining the high ee. 
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Chapter 1: Introduction to Asymmetric Ketone Hydrogenation. 

Enantioselective catalysis 

The synthesis of optically pure chiral compounds is an integral component 

of the fine chemical industry. The biological activity of the enantiomers can be 

drastically different. As such, obtaining these chiral compounds in their optically 

pure form is essential for pharmaceutical, agrochemical, and the flavour and 

fragrance industries.1,2 Traditionally these chemicals were produced via 

multistep non-catalytic processes that required multiple purification steps. 

Enantioselective catalysis, however, can produce the chiral compound faster, 

with less waste, and in very high enantiomeric excess (ee). 

Enantioselective catalysis is the transformation of a prochiral compound 

preferentially into one enantiomer over the other using an optically pure 

catalyst. As enantiomers are equal in energy, there is no thermodynamic 

preference for a specific enantiomer. Enantioselective catalysis is thus a kinetic 

phenomenon, and the origins of catalytic enantioselection can only be 

determined from a thorough understanding of a reaction mechanism. 

Diastereomers differ in energy. If the prochiral substrate reacts with the optically 

pure catalyst to form different diastereomers, there will potentially be a kinetic 

preference for the formation of one enantiomer over the other. It is the relative 

rates of the first irreversible steps in the different pathways involving 

diastereomeric transition states that determines the ee of the catalytic cycle. 

1 



Figure 1.1 shows three different hypothetical enantioselective catalytic 

reaction mechanisms, differing only in the enantioselective step. In the top 

example, the enantioselective step is the formation of the catalyst-substrate 

adduct. The (S)-product is therefore the major product enantiomer since ki is 

greater than k2, even if k3 is less than k4. In the middle example the (R)-product 

[cat(R)] 

[cat(R)-sub(R)] 

[cat(R)] + product(R) 

k2 < k! 
k4>k 3 

[cat(R)-sub(S)] 

[cat(R)] + product(S) 

[cat(R)] 

[cat(R)-sub(R)] 

[cat(R)] + product(R) 

k2 < k i , k1lk2,k.i, k.2 all > k3 or k4 
k4>k 3 

[cat(R)-sub(S)] 

[cat(R)] + product(S) 

[cat(R)] 

(cat(R)-sub(R)] 

[cat(R)] + product(R) 

k2 < k-i 
k 4 < k 3 

[cat(R)-sub(S)] 

[cat(R)] + product(S) 

Figure 1.1: Hypothetical enantioselective catalytic mechanisms with different 
enantioselective steps. 

2 



is the major product enantiomer since the first irreversible step is the product 

formation step. If the equilibrium is rapid, i.e. ki, k.i, k2, and k.2 all > k3 or k4, 

then (R)-product is formed preferentially since k4 is greater than k3. In the 

bottom example, there is no enantioselective step since all the steps are 

reversible. There would be an initial kinetic product mixture where one 

enantiomer is in excess, but the eventual thermodynamic mixture would be 

racemic. The rate at which the product racemizes will depend, in part, on the 

relative rates of the reverse reactions i.e. k.-i, k.2, k-3, and k.4. 

Metal catalyzed carbonyl hydrogenation mechanisms 

The mechanisms of homogeneous hydrogenations are extensively 

studied.3 In a recent review, Morris et at. classified the mechanisms of catalytic 

hydrogenation of polar double bonds, e.g. ketones, based on three criteria: the 

hydrogen source for generation of a metal-hydride ([M]-H), the hydride transfer 

step, and the presence or absence of ancillary ligands that can assist the 

hydride transfer step (Figure 1.2).4 

3 



H2 Source 

Figure 1.2: Classification of the mechanism of reduction of polar bonds based 
on hydrogen source (H or T), hydride transfer step (I or O) and the presence of 
ancillary ligand assistance (L). 

4 



The active catalyst contains a metal-hydride (e.g. [Ru-H]) generated from 

molecular hydrogen (H, Equation 1.1) or a donor hydrogen molecule (e.g. 2-

propanol, T, Equation 1.2) to reduce, in this case, a ketone to an alcohol.4 

O x 0 H 

molecular hydrogen y + ^ cat I 
hydride source D 2 ^ R 1 2 F ^ ^ R 1 R2 R 

Equation 1.1 
H 

O OH OH 0 

donor atom y + I cat I y 
hydride source R 2 ^ R I M e ^ M e - * " R 2 ^ R 1 +

M e ^ M e 

Equation 1.2 

The hydride transfer step can be classified as either inner (I) or outer (0) 

sphere.4 In the inner-sphere mechanism, the carbonyl oxygen of the ketone 

coordinates to a vacant site on the metal. This activates the carbonyl carbon 

towards nucleophilic attack such that a cis hydride on the metal can migrate to 

the (3-carbon (Equation 1.3). In the outer-sphere mechanism, a hydride on the 

metal is transferred to the carbonyl carbon without coordination of the ketone. 

The carbonyl carbon is typically activated towards nucleophilic attack by a 

Lewis acid (Equation 1 A).4 

H R1
V D RUH 

' — y - R 2 | ^ - R 2 
inner-sphere i //>. i / 
hydride transfer [M] OJ • [M] O 

Equation 1.3 

5 



T J X * 9 R,4^R2 

outer-sphere I ̂ ~-^ O I f 
hydride transfer [M] £+ • [M] + 0-

 + E 

Equation 1.4 

Certain ancillary ligands can activate the carbonyl carbon towards 

nucleophilic attack. Ligands that contain an electrophile (typically H+) that can 

interact with the carbonyl oxygen facilitate hydride transfer to the carbonyl 

carbon in both the inner and outer sphere mechanisms (Equations. 1.5 and 

1.6).4 

H R[ • R1,H 

l / ^ ~ ~ ^ \ — R2 I > - R 
inner-sphere I //\ I / 
hydride transfer [M] OJ • [M] O 
ligand-assisted 

2 

Equation 1.5 
L H L H 

R2 

H y ,'.v n p i i D 2 H 
R2 , w 1 i R14-

outer-sphere \ i / I I 
hydride transfer [M]—L • [ M ] = L + OH 
ligand-assisted 

Equation 1.6 

H2-hydrogenation of ketones by the inner sphere mechanism without 

ligand assistance (HI). 

6 



The active [M]-H species in the HI mechanism is typical prepared in situ 

from a suitable catalyst precursor. The [M]-H species must contain vacant 

coordination sites, or weakly bound ligands (e.g. solvent), to allow for substrate 

coordination, thereby activating the carbonyl carbon towards nucleophilic attack 

(Scheme 1.1). Hydride migration to the p-carbon forms a metal-alkoxide species 

with a vacant coordination site. H2 then coordinates to the vacant site. Product 

elimination can occur via two pathways.4 Simple protonation of the alkoxide 

oxygen by coordinated H2 will liberate product alcohol and regenerate the active 

,1 H 

H H R 
1 H 

HO 
R/ 

\/ rR2 

[M] O 

H 

[M]-

path A 

[M]—O 

-• 

H R1 

[M] C 
R' 

D R1 H 

I r~R2 

[M] O 

Scheme 1:1: General HI mechanism for the hydrogenation of ketones. 
Liberation of product alcohol can occur via protonation of the alkoxide (path A) 
or reductive elimination from a ruthenium-dihydride (path B). 
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[M]-H species. Alternatively, H2 can undergo oxidative addition to generate a 

transient dihydride species that then reductively eliminates the product alcohol 

to regenerate the active catalyst. 

Bergens et al. reported the first unambiguous ruthenium-alkoxide 

intermediate in ketone hydrogenation via the HI mechanism.5 The required 

coordinatively unsaturated [Ru]-H species was generated in situ from the 

precursor [Ru((R)-BINAP)(MeCN)(r|5-C8H11)]BF4 (15). Compound 15 reacts with 

H2 in coordinating solvents (THF, MeOH or Acetone = sol) to form [Ru((R)-

BINAP)(H)(MeCN)n(sol)3-n]BF4 (16) and cyclooctane. The labile solvento ligands 

rapidly furnish vacant coordination sites. The corresponding ruthenium-

deuteride [Ru((R)-BINAP)(D)(MeCN)n(sol)3-n]BF4 (17) is likewise formed when 

under a D2 atmosphere. In either case, there is rapid (complete at -30 °C) 

formation of [Ru((R)-BINAP)(MeCN)(K3-OCHR1R2)]BF4 (18) or [Ru((R)-

BINAP)(MeCN)(K3-OCDR1R2)]BF4 (18"). R1 and R2 contain ester functional 

groups that coordinate to Ru making the alkoxide tridentate (Scheme 1.2). 

Since the Ru-alkoxide is a coordinatively saturated 18-electron species, there 

is either desolvation of MeCN, or dissociation of a coordinated ester prior to 

coordination of H2.
5 Alcohol is produced either by protonation of the alkoxide by 

coordinated H2, or by oxidative addition of H2 followed by reductive elimination 

of alcohol concomitant with regeneration of the active catalyst. 
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Me -|+ 

Scheme 1.2: HI mechanism for the hydrogenation of dialkly 3,3-
dimethyloxaloacetate ketone substrates. R = Me, 2-Pr and fBu. 

The Ru-alkoxide species does not react stoichiometrically with H2 unless 

elevated pressures and temperatures are employed (50 atm H2, 50 °C).5 The 

sole detectable product from the catalytic hydrogenation of di-terf-butyl 3,3-

dimethyloxaloacetate (when R = 'Bu) interrupted after four turnovers was the 

Ru-alkoxide species resulting from ketone-hydride insertion. Additionally, the 

rates of stoichiometric hydrogenolysis of the Ru-alkoxides are comparable to 

the turnover frequencies (TOF) of the catalytic hydrogenations (~ 1 turnover/h in 

THF or MeOH).5 This result indicates that the reaction between Ru-alkoxide 

and H2 to form the H2 adduct is likely the TLS, and that subsequent product 

formation steps are rapid. Further, Ru-alkoxide formation is a reversible 

process.5 When the deuterium labeled Ru-alkoxide reacts with H2 (50 atm, 50 
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°C), there is H-D exchange at the alkoxide carbon in the product. The extent of 

exchange (~10-40%) depends on the ketone substrate and the solvent. Given 

that there is incomplete H-D exchange, the rate of p-hydride elimination is 

slower than the rate of hydrogenolysis of the Ru-alkoxide bond. The ee's of the 

resulting alcohols (21) from catalytic hydrogenations were similar to the 

diasteriomeric excesses (ofe) of the Ru-alkoxide species. Additionally, the ee's 

of the alcohols obtained from stoichiometric hydrogenolyses of the Ru-

alkoxides at 50 atm of H2 and 50 °C were nearly identical to the ee obtained 

from catalytic hydrogenation under the same conditions.5 

H^Hydrogenation of ketones by the inner sphere mechanism with ligand 

assistance (HIL). 

To the best of my knowledge, there are no confirmed reports of a ketone 

hydrogenation proceeding via the HIL mechanism. There are, however, several 

examples in which the HIL mechanism may be possible. 

Noyori and coworkers observed that [Ru((R)-xyl-BINAP)(acetate)2] (22, 

xyl-BINAP = 2,2'-bis(dixylylphosphino)-1,1'-binaphthyl, 23) undergoes ligand 

exchange reactions with carboxylic acids, sodium or potassium salts of 

carboxylic acids, amino acids, phosphoric acids and hydroxyl phosphonic acids 

to make suitable catalyst precursors for the hydrogenation of ketones. The best 

results were obtained using 22 with phenylphosphonic acid present in a 1:2 

ratio. Noyori proposed that a Ru-diphosphonate (24) forms in situ and then 

reacts with H2 to form the active catalyst (Scheme 1.3).1a The oxygen of the 

coordinated ketone can interact with the OH group of the phosphonate ligand, 

10 



thereby activating it towards nucleophilic attack. The reaction, however, 

requires harsh conditions (100 atm H2, 100 °C, 18 h) to proceed to 

completion.19 

Scheme 1.3: Proposed hydrogenation of acetophenone via the HIL mechanism 
where Ar = xylyl. 

Hz-Hydrogenation of ketones by the outer sphere mechanism without 

ligand assistance (HO). 

There are relatively few examples of a hydrogenation catalyst operating 

via a HO type mechanism. In most cases, the carbonyl carbon is activated 

internally prior to nucleophilic attack from the metal hydride. Dihydrides of Mo 

and W (28) were proposed to first act as an acid, protonating the carbonyl 

oxygen and making the carbonyl carbon cationic (29, Scheme 1.4).6 The metal-

hydride (30) then attacks the activated carbon producing product alcohol. The 
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metal dihydride is regenerated by reacting with H2 in solution. 

O 
28 H O 

e [M]-0=< 
R1 

© 
[M] 

[M]—H + 
30 

R ^ R 1 

f Q l 
1 ^ R 1 Rn©R 29 

Scheme 1.4: Hydrogenation of ketones via the HO mechanism. [M] = 
[Cp(CO)2(PR3)Mo] or [Cp(CO)2(PR3)W] where R = Me, Ph, or Cy, R1 = Et. 

Magee et al. developed a ruthenium catalyst (31, Scheme 1.5) that is believed 

to hydrogenate iminium ions via a similar mechanism.7 The substrate (32) itself 

carries an overall positive charge, activating the iminium carbon towards 

nucleophilic attack. Hydride transfer from ruthenium generates a basic amine 

(33) and 35 which then yields a new [Ru]-r|2-H2 species (34) under an 

atmosphere of H2. The coordinated H2 ligand is sufficiently acidic to be 

deprotonated by the generated amine, resulting in a net hydrogenation of the 

iminium ion. 
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34 
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He 
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© 
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35 

Scheme 1.5: Proposed HO mechanism of imminium hydrogenation. 

R 

N 
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33 

H2-Hydrogenation of ketones by the outer sphere mechanism with ligand 

assistance (HOL). 

Catalysts operating via the HOL mechanism are amongst the most 

significant developments in ketone hydrogenation. Noyori et al. developed the 

catalyst systems frans-Ru(diphosphine)Cl2(diamine) plus base in 2-PrOH that 

hydrogenate aryl-alkyl, vinyl-alkyl, and even several alkyl-alkyl ketones with 

high ee, turnover numbers and frequencies.1,8 These catalysts contain a Ru-

H/N-H motif and are proposed to operate via what Noyori termed the metal-

ligand bifunctional mechanism. The active catalyst is trans-

13 



Ph, tf 

-CH-OH 

Scheme 1.6: Proposed HOL mechanism using the Noyori-type catalyst. 

Ru(diphosphine)H2(diamine) generated in situ (Scheme 1.6). Noyori proposed 

that the enantioselective step is a bifunctional addition of a nucleophilic hydride 

on Ru and a protic hydrogen on nitrogen to the carbon- and oxygen atoms, 

respectively, of the ketone through a pericyclic 6-membered transition state.80 

The simultaneous transfer of the hydride and protic hydrogenation generates 

the product alcohol and a Ru(diphosphine)(amide) complex. Heterolytic 

cleavage of hfe by Ru(diphosphine)(amide) regenerates the active catalyst. The 

interaction between the amine ancillary ligand and the oxygen atom of the 

ketone characterize these systems as HOL catalysts by Morris' classification. 

Recent studies by Casey's group suggest that Shvo's catalyst, [(2,5-Ph2-

3,4-TOI2(TI5-C4COH))RU(CO)2H] (37), may hydrogenate ketones via a HOL 

mechanism rather than HIL as originally proposed (Scheme 1.7).9 With the 
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38 

Scheme 1.7: Proposed HOL mechanism using Shvo's catalyst. 

Shvo catalyst, a hydrogen bond between the hydroxyl proton and the oxygen on 

the ketone activates the carbonyl carbon towards nucleophilic attack. The 

proposed product formation step is very similar to that proposed for the 

Ru(diphosphine)H2(diamine) catalysts. In the proposed mechanism, there is a 

pericyclic 6-membered transition state (38) with simultaneous transfer of the 

hydroxyl proton and the hydride on ruthenium to the oxygen and carbon of the 

ketone, respectively. This creates an oxygen-carbon double bond on the Cp 

ring resulting in dearomatization, and creating a vacant coordination site on 

ruthenium. Heterolytic cleavage of hfe then regenerates the hydride catalyst. In 

the Noyori system there is no formal change in oxidation state of the metal. In 

the Shvo system there is a formal change in oxidation state, and is perhaps 
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better classified as a HOL-redox mechanism. 

Transfer-hydrogenation of ketones by the inner sphere mechanism 

without ligand assistance (Tl). 

The product formation step in transfer hydrogenation mechanisms is 

typically very similar to that of hb-hydrogenation catalysts. The difference lies in 

how the metal hydride is regenerated to complete the catalytic cycle. One of the 

most common ketone transfer hydrogenation catalyst systems is RuH2(PPh3)4 

(40).10 The catalyst must contain a hydride cis to a vacant coordination site. 

Therefore, one of PPh3 ligands must first dissociate to generate the active 

catalyst (41, Scheme 1.8). The ketone substrate then coordinates at oxygen 

(42) and hydride migration to the carbonyl carbon of the ketone occurs to form a 

metal-alkoxide compound (43) with a vacant coordination site. A hydrogen 

donor (e.g. 2-PrOH) then protonates the alkoxide to liberate the product alcohol, 

and form a new coordinatively unsaturated 2-propoxide compound (44). B-

45 [Ru]—0 

O 

Me . Me H 

H R 

[Ru] O 42 

Me Me 

Scheme 1.8: Proposed Tl mechanism using a Ru-H catalyst. 
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Hydride elimination of the 2-propoxide ligand and liberation of the resulting 

acetone regenerates the hydride catalyst. Even though the metal contains two 

hydride ligands, it was proposed that hydrogenation occurs via a mono-hydridic 

route.10 

The transfer hydrogenation catalyst RuCI2(PPh3)3 (46) reacts with base 

to form the same active catalyst species as RuH2(PPh3)4. There is an alternate 

mechanistic proposal that involves both hydrides on ruthenium for the 

hydrogenation of ketones (Scheme 1.9).11 The ketone coordinates to the 

ruthenium at oxygen, again activating the carbonyl carbon towards nucleophilic 

attack. Hydride migration then forms a metal-alkoxide species with a vacant 

coordination site. It is proposed that the alkoxide and hydride ligands 

reductively eliminate to form product alcohol and a Ru(0) species (47). 

Oxidative addition of 2-PrOH generates the new metal-hydride/alkoxide 

o 
X Me . Me 

H Me 
| / > - M e 

45 H—[Ru] O 
4 

H 

H—[Ru] • 
41 

? Me\ZL P H R! 
I r M e l V-R2 

44 [Ru]—0 * £ - [Ru°]-D47 H _ [ R u ] _ _ J 4 2 

Scheme 1.9: Proposed Tl mechanism using a H-Ru-H catalyst. 
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species. p-Hydride elimination regenerates the dihydride catalyst. Backvall et al. 

used deuterium labeling experiments to investigate this mechanism (Scheme 

1.10).11b The catalyst precursor 46 plus base was used to racemize (S)-

PhMeDCOH (48). It was proposed that the reduced metal species 47 forms in 

solution and oxidatively adds the alcohol to form Ru(H)(OCDMePh)(PPh3)3 (49). 

p-Deuteride elimination would give Ru(H)(D)(OCMePh)(PPh3)3 (50). It is 

possible that either the deuteride or the hydride could transfer to the carbonyl 

OH 

M e " ^ Ph 
D 
4, 

D 

^ | > h + H—[Ru] O ^ *- H—[Ru] O ' 

-Me 

M e ^ P P h + H—[Ru] O ^ — H—[Ru] O 49 

52 

T P \ i H H - . -D Ph D Ph 
Me 

D—[Ru]—O -« [Ru]—6' ~Me " H—[Ru] O 50 

52 51 

Scheme 1.10: Backvall et a/.'s proposed mechanism for the oxidation of 1-
phenylethanol. 

carbon of acetophenone and therefore there should be roughly a 50:50 mixture 

of PhMeDCOH and PhMeHCOD.11b As predicted, there was approximately 50% 

deuteration on the alpha carbon but OD was not detected due to exchange with 

protic species in solution. 

Transfer-hydrogenation of ketones by the inner sphere mechanism with 

ligand assistance (TIL). 
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The catalyst system Ru(H)(NHCOMe)(2-PrOH)(PCy3)2(CO) (53) in 2-

PrOH is the best example of hydrogenation catalyst operating under a TIL 

mechanism.12 Decoordination of a PCy3 ligand creates a vacant coordination 

site cis to the 2-propanol ligand. The acetamido ligand then deprotonates the 

coordinated 2-PrOH to form a 2-propoxide compound (55, Scheme 1.11). 

p-Hydride elimination would then generate a ruthenium-hydride cis to an 

acetone ligand (56). The ketone substrate then displaces the acetone, and is 

protonated by the iminol hydroxyl proton (58). Hydride transfer to the activated 

carbonyl carbon then generates product alcohol coordinated to ruthenium. 2-

PrOH displaces the product alcohol and p-hydride elimination regenerates the 

active catalyst.12 

It is possible that the catalyst simply operates under a TOL type 

mechanism where there is simultaneous transfer of the iminol proton and the 

ruthenium hydride to the oxygen and carbon of the ketone, respectively. 

Deuterium labeling experiments, however, indicate that the stepwise TIL 

mechanism is most likely.12 When 2-PrOD was used as a hydrogen donor 

rather than 2-PrOH, the active catalyst would contain an iminol OD. An inverse 

kinetic isotope effect (KIE, koiVkoD = 0.7 ± 0.1) was found which is typically 

observed for stepwise hydrogen transfer reactions involving a rapid and 

reversible proton transfer process.13 A normal KIE (kcH/kcD = 1.9 ± 0.2) was 

found when (CH3)2CDOH was used for a hydrogen donor rather than 

(CH3)2CHOH. If the hydrogenation occurred through a concerted TOL type 

mechanism then the overall KIE should be a product of the individual KIE's 
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Scheme 1.11: Proposed TIL mechanism for ketone hydrogenation. 

(kcH/oH/kcD/oD = ~ 1-3). Yi et al., however, found that the combined KIE was 

kcH/oH/kcD/OD = 0.7 ± 0.2, which is proof of a stepwise TIL type mechanism.13 

Transfer-hydrogenation of ketones by the outer sphere mechanism 

without ligand assistance (TO). 

Ogo et al. developed a ruthenium catalyst that hydrogenates ketones via 

the TO mechanism under aqueous conditions (Scheme 1.12).14 The 

hydrogenation must occur under slightly acidic conditions since protons in 
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solution are the source of the hydroxyl hydrogen of the product alcohol. Further, 

the carbonyl carbon is activated towards nucleophilic attack by the 

metal-hydride via hydrogen bonding between protons in solution (60), and the 

carbonyl oxygen. Formate is typically used as the hydride source. The formate, 

however, cannot displace a hydroxide ligand on the metal.15 Therefore, the pH 

of the solution must be kept below the pKa of the aqua compound (61) to 

HO 

Ri' 
H 

VR2 

Ri ; 
60 [Ru]-H~~)=crH+ * = ^ [Ru]—D 

R2 

CCfc-0 

[Ru]—O . [Ru]—OH2 

CK 
II 
O 

62 f H H C 0 ° " 61 

Scheme 1.12: Proposed TO mechanism for ketone hydrogenation. 

ensure that a metal-hydroxide is not formed. Under these slightly acidic 

conditons, a ruthenium-formate complex forms (62) and undergoes p-hydride 

elimination to regenerate the catalyst.14 

Transfer-hydrogenation of ketones by the outer sphere mechanism with 

ligand assistance (TOL). 

Noyori et al. discovered that an ancillary ligand can greatly affect the 

activity of the catalyst.1 Specifically, catalyst systems that contain ligands with 
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Scheme 1.13: Proposed TOL mechanism for ketone hydrogenation. 

protic hydrogens such as NH's hydrogenate ketones via a mechanism very 

similar to that of the HOL mechanism (Scheme 1.13). The protic hydrogen on 

the ancillary ligand activates the carbonyl carbon of the ketone towards 

nucleophilic attack by hydrogen bonding to the oxygen of the ketone. 

Additionally, it acts as the hydrogen source of the hydroxyl proton of the product 

alcohol. Hydrogenation is proposed to occur via a 6-membered pericyclic 

transition state (64), similar to that of the HOL mechanism, resulting in product 

alcohol and a metal-amide species (65).1 Oxidation of a donor alcohol (e.g. 2-

PrOH) regenerates the active hydride catalyst, rather than heterolytic cleavage 

of H2 as is the case in the HOL mechanism. 

Summary 
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Mechanistic investigation is a fundamental component of catalyst 

development. Through mechanistic investigations, more is learned about the 

reactivity of the catalyst. As such, it may be possible to predict catalytic 

behavior, and modify the catalyst to increase performance. Further, if the 

catalyst resting state can be determined, heterogeneous versions of the catalyst 

may be developed leading to highly reusable heterogeneous catalysts, thereby 

increasing the economic and environmental viability of the catalytic process. 

The following chapters describe the synthesis and reactivity studies of the 

putative intermediates in the metal-ligand bifunctional mechanism, and their 

significance to the catalytic reaction. 
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Chapter 2: A Ruthenium-Dihydrogen Putative Intermediate in Ketone 
Hydrogenation.5 

Introduction 

Noyori et a/.'s catalyst systems comprised of trans-

(diphosphine)RuCl2(diamine) and a base (e.g. 2-propoxide, or tert-butoxide) are 

amongst the most successful catalysts for the hydrogenation of polar bonds.1 A 

wide range of phosphines and amines (Figure 2.1) can be incorporated into 

this highly tailorable catalyst. Further, these catalyst systems display 

remarkable functional group tolerance and chemioselectivity to different 

PAr2 Ar = C6H5 (fl)-BINAP 2 
= 4-CH3C6H4 (R)-tol-BINAP 70 

p A = 3,5-(CH3)2C6H3 (R)-xyl-BINAP 71 

R1 R1 = R4 = H (R,F?)-DPEN 3 
H 2 N-4^ R 2 R2 = R3 = C6H£ 

H2N-t7R3Ri = R2 = 4-CH3OC6H4 ( R ) . D A | p E N 7 2 

R R3 = H R4 = (CH3)2CH V ' 

H. 3 * Ĥ 
\^J> PICA 73 r r ^ V ^ _ / N N ^ V ^ X 

H2N ^ ^ ^ P P h , i2 Ph2P 

CyP2(NH)2 74 
Figure 2.1: Representative list of ligands used in Noyori et a/.'s catalyst 
system. 

§ A version of this chapter has been published. J. Am. Chem. Soc. 2005,127, 4152-4153. 
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substrates (Figure 2.2). A wide range of chiral alcohols are accessible when 

using these catalysts.1 For example, tertiary-alkyl ketones and (3-keto esters, 

which are typically difficult to hydrogenate for steric reasons, can be converted 

to the alcohol with high rates and enantiomeric ee's under relatively mild 

conditions.1f Further, base sensitive substrates such as the p-amino ketone 76, 

and the keto benzoate 81, are hydrogenated to alcohols with high ee without 

the formation of 1-phenyl-1-propanol, or transesterification, respectively.1d The 

common test substrate acetophenone can be hydrogenated with high ee and 

turnover numbers. In fact, 100,000 turnovers and ee's greater than 99 % have 

O 
N(CH3)5 

O 

77 78 

O 

79 

V ^ 
80 

^ 

O 

0 

81 

Figure 2.2: Examples of ketones hydrogenated by Noyori et al.'s 
Ru(diphosphine)X2(diamine) catalyst systems. 
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been achieved with these catalysts (Table 2.1).1be 

The mechanisms of these and related hydrogenations have been studied 

by the groups of Noyori, Morris, Casey, and others.16,2"4 The predominant 

consensus of these studies is that the enantioselective step is a concerted 

bifunctional addition of a nucleophilic hydride ligand on Ru, and an acidic 

Table 2.1: Novori et a/.'s hvdroaenation results. 

Ketone 

4 

4 

4 

76 

81 

77 

78 

79 

80 

Catalyst 

Precursor 

frans-Ru((R)-tol-BINAP)(H)(n '-

BH4)((R,R)-dpen) 

frans-Ru((S)-xyl-BINAP)(H)(n1-

BH4)((S,S)-dpen) 

frans-Ru((S)-xyl-BINAP)(H)(n1-

BH4)((S,S)-dpen) 

frans-Ru((S)-xyl-BINAP)(H)(n1-

BH4)((S,S)-dpen) 

frans-Ru((S)-xyl-BINAP)(H)(n1-

BH4)((S,S)-dpen) 

frans-Ru((S)-tol-BINAP)(CI)2((S)-

pica) 

frans-Ru((S)-xyl-BINAP)(H)(n1-

BH4)((S,S)-dpen) 

frans-Ru((S)-tol-BINAP)(CI)2((S)-

pica) 

frans-Ru((S)-tol-BINAP)(CI)2((S)-

pica) 

Sub/Cat 

100,000 

100,000 

4000 

4000 

4000 

2000 

4000 

2000 

2000 

H2(atm) 

8 

8 

8 

8 

8 

5 

8 

5 

5 

Time 

(h) 

6 

7 

12 

12 

15 

5 

16 

5 

12 

% 

yield 

99.9 

100 

99.9 

100 

100 

100 

95 

100 

100 

% 

ee 

82 (S) 

99 (R) 

99 (R) 

97 (R) 

99 (R) 

97 (S) 

99 (R) 

97 (S) 

97 

(R) 
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hydrogen on nitrogen to the carbon, and oxygen atoms of the ketone group, 

respectively (Equation 2.1). The interaction between the hydrogen on nitrogen 

I Ru-NHJ 

Equation 2.1 

and the oxygen atom creates a partial positive charge on the carbonyl carbon, 

activating it towards nucleophilic attack. Although cis dihydride compounds 

were active, Morris et al. found that the trans dihydrides species that are the 

most active towards this addition (e.g. compound 6 in Scheme 2.1).2b,2f 

Hydrides are strong sigma donors and consequently have a strong trans 

influence. The mutually trans disposition of the hydride ligands in trans-

(diphosphine)Ru(H)2(diamine) thereby activates them towards nucleophilic 

addition to the carbon center of the ketone. 

Noyori et al. recently reported that the catalyst precursors trans-Ru{(R)-

tol-BINAP)(H)(n1-BH4)((R,R)-dpen) (82, tol-BINAP = 2,2'-bis(ditolylphosphino)-

1,1'-binaphthyl 70, 82' is the BINAP analogue of 82), and analogues thereof 

hydrogenate ketones in 2-PrOH with high rates and ee in the absence of added 

base.1b,e This is in contrast to the dichloride precursors, fra/?s-Ru((R)-tol-

BINAP)(CI)2((Rf?)-dpen) (83), that require a strong base to activate the catalyst, 

presumably via the formation of a ruthenium-alkoxide group by chloride 
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Scheme 2.1: Noyori etal.'s proposed base-free hydrogenation mechanism, 
displacement, followed by (3-hydride elimination to form the active trans 

dihydride. Noyori et al. suggested that these base-free hydrogenations in 2-

PrOH proceed through the cationic dihydrogen intermediate frans-[Ru((R)-tol-

BINAP)(H)(n2-H2)((RR)-dpen)]+ (84).1e Scheme 2.1 shows the proposed 

catalytic cycle with 1 (the BINAP analogue of 84) as a catalytic intermediate. 

Noyori et al. proposed that in the absence of base, compound 1 

dissociates a BH4" anion to form the solvento-Ru complex trans-[Ru{{R)-

BINAP)(H)(2-PrOH)((R,R)-dpen)f (8).1e Further, Noyori proposed that the BH4" 
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anion reacts with alcohol solvent to form H2, RO" and B(OR)3. Compound 8 is in 

equilibrium with the 16 e" species frans-[Ru((R)-BINAP)(H)((f?,/:?)-dpen)]+ (85), 

paired with either RO" or [BHn(OR)4-n]" as anion, that then reacts with H2 to form 

the cationic dihydrogen intermediate 1. Noyori et a/.'s kinetic studies show that 

in the absence of base, the rate of alcohol production does not depend on H2 

pressure.16 Further, there is a significant incubation period. Noyori et al. 

therefore propose that 1 is the resting state of the catalyst in the absence of 

base, and that deprotonation of 1 to form 6 is the turnover limiting step. It was 

proposed that the dihydrogen ligand in 1 is sufficiently acidic to protonate 2-

PrOH, generating the frans-dihydride compound 6 and 2-PrOH2
+.1e'5 Once 

formed, the frans-dihydride 6 then hydrogenates the ketone via the metal-ligand 

bifunctional mechanism to form product alcohol and the neutral Ru-amide 

compound 11. The amide 11 is then protonated at nitrogen to regenerate the 

solvento complex 8, which reacts with H2 to regenerate the dihydrogen 

intermediate 1 and complete the cycle. 

Although 2-PrOH is typically the optimum solvent for activity and 

enantioselectivity with these catalytic hydrogenations, it is not the optimum 

solvent for the observation of active catalytic intermediates. H-D exchange 

between 2-PrOH-d8 and the hydride/dihydrogen ligands on the active Ru 

species prevent comprehensive NMR observations of putative catalytic 

intermediates and steps.19 In fact, the only species conclusively identified was 

the catalyst precursor 82. The published 1H NMR mechanistic studies of these 

hydrogenations, including the key concerted bifunctional addition step, are 
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usually carried out either in non protic solvents, or in solvent mixtures 

containing only small amounts of 2-PrOH. Additionally, only model species, not 

the actual proposed catalytic intermediates, could be fully characterized. For 

example, despite Noyori et a/.'s kinetic evidence for its existence {vide supra), 

the putative cationic dihydrogen intermediate 84 could not be directly observed 

and studied by 1H NMR.1e This chapter describes the synthesis, 

characterization and reactivity study of the dihydrogen complex 1 without H-D 

exchange in 2-PrOH-cfe solvent. 

Results and Discussion 

Bergens et al. reported that the catalyst precursor [Ru((R)-BINAP)(1-5-n-

C8Hn)](BF4) (86) reacts under 1 atm H2 in weak oxygen donor solvents (e.g. 

acetone, THF) to produce cyclooctane and the labile, active olefin 

hydrogenation catalysts /ac-[Ru((R)-BINAP)(H)(solvent)3]
+.6a When the solvent 

is either acetone or THF, the resulting solvento compound is stable at room 

temperature. In 2-PrOH, /ac-[Ru((R)-BINAP)(H)(2-PrOH)3]
+ (87) rapidly 

decomposes at room temperature, but can be prepared without significant 

decomposition at ~ -60 °C (Equation 2.2).6b Further, there is no evidence of H-D 

exchange between the hydride ligand in fac-[Ru((R)-BINAP)(H)(2-PrOH-

cf8)3](BF4) (88) and 2-PrOH-d8 at -60 °C, permitting the use of 1H NMR to study 

86 88 
Equation 2.2 
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its reactivity. For the present study, 88 was prepared in mixtures of 2-PrOH-

cf8/CD2Cl2 (between 4:1 and 2:1) and reacted with (F?,ft)-dpen under H2 at -60 

°C, to quickly form 1 (BF4) in ~ 95 % yield (Equation 2.3). This result is the first 

Ph2 M 1 + UM BL. 2-PrOH-c/8 f ^ Y ^ I ^2 V H2 
< " 2 V /CD2CI2 k A > * I N^ Ph 
^ R u (2-PrOH-cy3

+ X ^ ^^J^ . ^ I ^ J L 
p ^ H2N^Ph H2Hatm) | ^ T ^ J > \ 
Ph2 .eo o c V J ^ Ph2H-H H2 

88 1 
Equation 2.3 

conclusive identification of a putative intermediate in hydrogenations with trans-

(diphosphine)RuH2(diamine) catalysts. Compound 1 was identified by the 

hydride signal at -8.5ppm (1H) and the r)2-H2 signal at -0.66 ppm (2H) in the 1H 

NMR spectrum, and the signals from the BINAP and dpen ligands (see 

appendix A for NMR spectra of 1). The geometry of 1 was established as 

follows. The hydride signal appears as an apparent broad triplet with 2JP.H ~ 22 

Hz, showing that the hydride occupies a coordination site c/'s-to both phosphine 

groups. Typically 2JP.H coupling constants for a hydride trans to a phosphine are 
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Ph2 y H2 _ 1 + 2-PrOH-of8 | ^ Y ^ I ?h2 ^ H2 ~^ + 
p'" I ^xN-y^Ph /CD2CI2 % / k ^ " P / " " „ | >^N—1.a»Ph 

jRu" I *• T Ĵ -'Ru'CL 
p N""^*Ph °2 (-1 atm) r r V - p * ^ ^ I N—^ P h 

P^H-Hi H2
 Ph 2;60oc l^X^y PhzD-̂ D H2

 Ph 

1 89 

Equation 2.4 

larger than those in a c/s arrangement.* The q2-H2 ligand can be completely 

exchanged with n.2-D2 to form frans-[Ru((R)-BINAP)(H)(n2-D2)((R,R)-dpen)]+ 

(89) by flushing D2 gas (1 atm) through the solution for several min at -60 °C 

(Equation 2.4). There is no H-D exchange between the hydride and n,2-D2 

groups of 89 detectable by 1H or 2H-NMR at -60 °C. Hydrogen atom exchange 

between the H and n2-H2 ligands is extremely facile at low temperatures for the 

cationic Ru(ll) complexes c/s-[(phosphine)2Ru(H)(n2-H2)(diamine)]+.7 The 

proposed mechanism for this exchange in cis compounds is shown in Figure 

2.3. The absence of H-D exchange in 89 is conclusive evidence for a trans-

disposition of the H and n2_D2 ligands. Further evidence for this trans-

disposition is that the hydride 1H NMR signal in 1 sharpens significantly, and 

shifts downfield by ~0.16 ppm upon exchange of n2-H2 for n2-D2- Morris et al. 

observed a similar sharpening, albeit with a smaller shift, when n,2-H2 is 

N H sH Hv, D ^ N D V x N D 
Ruv> ^ R \ 'D — Ru^D ̂ R v H " R \ 'H ̂  Ru v< 

D' D V
D \ D D' 

Figure 2.3: Proposed hydrogen exchange mechanism in cis-
[(phosphine)2Ru(HKn2-H2)(diamine)]+compounds. 
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exchanged for n.2-D2 in [Ru(dppe)2(H)(H2)]
+ (90, dppe = 1,2-

bis(diphenylphosphino)ethane) and related compounds.8 This shift in peak 

position results from differences between the trans influence of n2-H2 and q2-

D2.
8,9 The n2-D2 ligand has a stronger trans influence than r|2-H2- Morris et al. 

showed that there is a nearly linear correlation between the hydride chemical 

shift, as well as the Ru-H vibrational frequency, with the electronegativity of the 

atom trans to the hydride. The Ru-H bond lengthened, while the hydride 

chemical shift, and Ru-H vibrational frequency, shifted downfield and to lower 

wavenumbers, respectively, with decreasing electronegativity of the trans 

atom.9 This indicates that the hydride chemical shift moves downfield when 

trans to a ligand with a stronger trans influence. The sharpening of the hydride 

peak likely results from higher trans coupling with n2-H2 than n2-D2-10 

The H-H bond distance in a coordinated n2-H2 varies with the degree of 

back bonding to the a antibonding orbital. The greater the degree of back 

bonding the longer the H-H bond distance, and eventually oxidative addition of 

H2 to form a dihydride (Figure 2.4) occurs. The lability of r)2-H2 ligand also 

decreases with increasing back bonding. The 1H NMR signal for free H2 is 

approximately 4.5 ppm whereas coordinated r)2-H2 is typically in the range of -2 

to -8 ppm. The r)2-H2 ligand in 1 is at higher frequencies (-0.66 ppm) than most. 

The 1 JH-D of the n.2-H-D ligand in 1 is large (~ 37Hz) in comparison to other n2-

H2 compounds.11"13 In fact, it is the largest 1JH-D of a coordinated n2-H-D ligand 

reported to date. The relatively downfield chemical shift and large 1JH-D shows 

that the n.2-H2 ligand in 1 retains an unusually high degree of free H2 
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• 
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•* 
mare labile 

less back bonding 

Figure 2.4: Orbital interactions and the relationship between H-H bond 
distance and lability. 

character.11"13 Further, as shown by the facile exchange with D2 gas at -60 °C, 

the n2-H2 ligand in 1 is labile. Flushing the hydrogen atmosphere with argon at 

-60 °C also resulted in loss of tf-Wz from the complex. Rather than form the 

expected solvento complex 8 (Equation 2.5), however, flushing the hydrogen 

atmosphere with argon also resulted in loss of the hydride ligand, presumably 

as H2, and formation of an unidentified Ru species. The loss of the n2-H2 and H 

ligands from 1 is not reversed by replenishing the atmosphere with hydrogen. 

Ph2 l^ H2 ~"+ 2-PrOH-d8 

,l»»N-T.»«»Ph /CD2CI2 

p ^ ^ N — ^ » P h Ar(~1atm) 
Ph 2H-LH H2

 P h . V
6 0 o c 

unknown product 

H2 

Equation 2.5 
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Morris et al. reported that 3-hydride elimination occurs in the dpen ligand in 

benzene solutions of the dihydride 4.2b'13 Perhaps a similar process occurs in 2-

PrOH solutions of 8. Another possibility is loss of a protic hydrogen on nitrogen 

with the hydride ligand to generate H2. Thus, these and related hydrogenations 

should be kept saturated with H2 to avoid decomposition of the catalyst. 

Compound 1 is stable under H2 at room temperature for periods of minutes. 

The putative catalytic sequence 1—>{>—>11 was investigated as follows. 

The neutral dihydride 6 compound was not detected by NMR in solutions of 1. 

The thermodynamic acidity of the dihydrogen ligand in 1 is therefore not 

sufficient to protonate 2-PrOH-c/8 to a detectable extent at -60 °C. H-D 

exchange occurred between 2-PrOH-Qfs and the Ru-H and r)2-H2 groups occurs 

at an appreciable rate upon warming to ~ -20 °C. This result suggests that the 

kinetic acidity of the dihydrogen ligand in 1 is sufficient enough to reversibly 

protonate 2-PrOH-d8 to form [(CD3)2CD-OHD]+ to a small extent at higher 

temperatures. To investigate whether this deprotonation is significant to ketone 

hydrogenation, a stoichiometric reaction was carried out between 1 and the 

common ketone substrate acetophenone (Equation 2.6). There was no reaction 

between acetophenone and 1 mixed at -60 °C and then warmed to room 

temperature. Thus if the dihydride compound 6 did form, it was not present in 

Ph2 hi H2 Q 2-PrOH-d8 
p" J ^N-| Ph t^JK /CD2CI2 - R u ^ . I + If TT —-*~ no reaction 

N — ^ c 

Ji^J Ph2 H—H 
1 

Equation 2.6 

gr H-LH H T ^ P " H2(~1atm) 
Ph2 H H n 2 _6Q 0 C 
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sufficient amounts to reduce acetophenone under these conditions. To 

investigate the behavior of this system under catalytic conditions, the 

hydrogenation of acetophenone using 1 as catalyst was attempted in 2-PrOH 

solvent (4 atm H2> 30 °C, 2000 equiv ketone, no base). The reaction produced 

miniscule amounts (~ 0.1 %) of 1-phenylethanol product after 3 h, and little 

further product after 24 h (Table 2.2). Reaction of 84 with NaBH4 displaces the 

r|2-H2 ligand upon warming to room temperature to generate the n1-BH4 adduct 

82 (Equation 2.7). Therefore the catalytic hydrogenation of acetophenone using 

1 and NaBH4 as added base (Ru:B ~ 1:1) was tested. The hydrogenation was 

dramatically faster in the presence of NaBH4. 32 % Conversion (640 turnovers) 

H2 o u 2-PrOH-c/8 f | T A r2 tf H2 

AVN-1...»Ph /CD2CI2
 l v V ' R " \ vvVvN-T.-»Ph 

% I + NaBH4 f_JW - T J-'Ru'CL 

-60 °C k ^ A V Ar2 \ H2 

BH3 
Ar = 4-CH3C6H4 84 82 

Equation 2.7 

was achieved after 3 h. The ee of the catalytic hydrogenation (81% (S)) with 

BH4" present is in line with Noyori et a/.'s reported ee using the BH4" adduct 82' 

as catalyst precursor.115'6 The catalytic hydrogenation was also rapid (500 

turnovers in 3h, 78% (S)) using 1 and f-BuOK (1 equiv). The cationic 

dihydrogen compound 1 thus requires added base or BH4" to be active towards 

this catalytic hydrogenation. 
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Table 2.2: Hydrogenation of acetophenone using trans-[Ru((R)-
BINAP)(H)(r|2-H2)((R,R)-dpen]+ in the presence and absence of base. 

Base 

NA 

1 equiv f-BuOK 

1 equiv NaBhU 

Sub/Cat 

2000 

2000 

2000 

H2 

(atm) 

4 

4 

4 

Time 

(h) 

3 

3 

3 

% 

yield 

0.1 

25 

32 

% 

ee 

NA 

78 (S) 

81 (S) 

Conclusions 

The catalyst species that contain the active hydrogen ligands, namely 

the hydride and n2-H2, in 1 can be prepared at low temperatures in 2-PrOH-ds-

rich solutions without H-D exchange, thereby allowing their conclusive 1H NMR 

characterization and study. The n.2-H2 in 1 has largest 1JH-D coupling constant to 

date. Noyori et al proposed a solvento species in the catalytic cycle. There was 

no evidence, however, for the solvento species, even though the n2-H2 ligand is 

very labile. There is rapid H-D exchange with the solvent at room temperature 

which suggests that 1 is weakly acidic. The dihydride, however, was not 

detected in NMR experiments. Further, compound 1 does not generate 

sufficient active catalyst for rapid ketone hydrogenations under the base free 

conditions used for this study. Traces of base (stoichiometric in Ru, either 

NaBH4 or f-BuOK) are required to convert 1 into the active catalyst. There are 

three types of active hydrogen atoms in 1, the dihydrogen ligand, the hydride, 
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and the hydrogen atoms bonded to nitrogen. Chapter 3 will discuss how the 

active hydrogen atoms in 1 react with added base to form the active catalyst. 

Materials and Methods 

All operations were carried out under an argon atmosphere using 

standard Schlenk and glovebox techniques unless stated otherwise. The 

solvents were dried and distilled under a dinitrogen atmosphere using standard 

drying agents. All common chemicals and solvents were obtained from Aldrich. 

The acetophenone was distilled, washed with 0.1 M KOHaq, and distilled again 

before use. (R,R)-Dpen was obtained from Strem Chemicals. All solids were 

recrystallized before use. fec-[Ru((R)-BINAP)(H)(2-PrOH-c/8)3]
+ (88) was 

prepared using a procedure published previously.6b The 1-phenylethanol 

(Fluka) was used without further purification. The hydrogen gas was ultra high 

purity grade purchased from Praxair. The glass pressure reactor used for the 

catalytic hydrogenations was silanized by reaction with chlorotrimethylsilane 

that was then removed by heating under vacuum. 1H, 13C, and 31P, NMR 

spectra were measured with a Varian lnova-400 spectrometer. 1H and 13C NMR 

chemical shifts are reported in parts per million (8) relative to TMS with the 

solvent as the internal reference. 31P NMR chemical shifts are reported in parts 

per million (8) relative to an 85% H3PO4 external reference. Gas 

chromatography was performed using a Hewlett Packard 5890 chromatograph 

equipped with a flame ionization detector, a 3392A integrator, and a Beta Dex™ 

120 fused silica capillary column (30m x 0.25mm x 0.25 îm thickness, Supelco) 

using 20.5 psi He as carrier gas. 
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Typical Preparation of Ruthenium-Dihydrogen Putative Intermediate 1. fac-

[Ru((R)-BINAP)(H)(sol)3]BF4 (sol = 2-PrOH-d8) (88) was prepared at -60 °C 

under H2 in an NMR tube (6 mg in 0.5 ml_ 2-PrOH-c/8 and 0.1 ml_ CD2CI2) as 

previously described.615 One equiv {R,R)-dpen was dissolved in CD2CI2 (0.1 mL) 

in an NMR tube under argon, cooled to -60 °C, and canulated using H2 into the 

tube containing 88 at -60 °C. The 31P{1H} indicated the yield of 1 was ~ 95 %. 

The remaining species were unidentified. Figure 1 shows the 1H NMR of the 

hydride and dihydrogen region for 1. 1H NMR (399.98 MHz, 2-PrOH-d8/CD2CI2, 

-60 °C): £-8.57 (1H, t, 2JP.H = 21.6 Hz, Ru-H), -0.66 (2H, br, Ru-ri2-H2), 3.82 

(CHNH2, doublet partially obscured by solvent signal), 3.98 (1H, d, 3JH-H = 12 

Hz, CHNH2), 6-8.9 (44H, om, aromatic). 13C{1H} NMR (100.6 MHz, 2-PrOH-

Qf8/CD2CI2, -60 °C): 5 -62.6 (CHNH2, obscured by solvent signal), 68.7 

(CHNH2), 123-141 (aromatic). 31P{1H} NMR (161.9 MHz, 2-PrOH-cf8/CD2CI2, 

-60 °C). £69.77 (d, 2JP_P = 33 Hz), 72.17 (d, 2JP_P = 33 Hz). 13C-1H HMQC 2D 

NMR aided in making these assignments. Bubbling D2 gas at 1 atm through 

solutions of 1 at -60 °C resulted in the loss of Ru-r(2-H2 signal with an upfield 

shift and sharpening of the Ru-H signal (Figure 2). The NH signals could not be 

detected in 2-PrOH-c/8 presumably due to H-D exchange. Preparation of 1 from 

THF-c/8 allowed detection of the NH signals. The chemical shift of NH signals 

varied with temperature and with the amount of residual H20 in the solvent. At -

60 °C the NH signals were observed at: 5 1.89 (1H), 3.85 (overlapping with 

CHNH2), 4.3 (1H), and 4.87(1 H). The tol-BINAP analogue 84 can be made 
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using the same procedure. Adding ~1 equiv of NaBH4 in 2-PrOH at -60 °C and 

warming to room temperature displaces the r|2-H2 ligand, generating the n1-BH4 

adduct, with identical NMR data to those reported by Noyori et a/.1e 

Representative Hydrogenation of Acetophenone using 1 as Catalyst. A 

silanized glass pressure reactor equipped with a magnetic stir bar was fitted 

with a rubber septum, charged with acetophenone (1.17 g, 9.73 x10~3 mol, 2000 

equiv) in dry, distilled 2-PrOH (11 ml_), and then flushed with H2. Additives (1 

equiv of KPF6, f-C^gOK, or NaBH4 (1 equiv B)) were canulated into the reactor 

as 2-PrOH solutions (1 mg/mL). 1 (1 equiv) was prepared as described above 

and canulated into the reactor using hfe. Hydrogen gas was bubbled through the 

solution with stirring for 1 min, the septum was replaced with a hydrogen line, 

and the reactor was pressurized to 40 psi (gauge). The mixture was rapidly 

stirred at 30 °C for the 3 h. The reactor was then depressurized, and the 

solution was concentrated under reduced pressure. An aliquot was passed 

through a Florisil plug using ethyl acetate as eluent to remove any catalyst 

residues. The ethyl acetate was removed under reduced pressure, and the 

enantiomeric excess (ee) and % conversion were measured by chiral GC 

analysis carried out in house. The absolute configuration of the major product 

enantiomer was determined by comparison to an authentic sample of (R)-(+)-1-

phenylethanol. The sample was injected as a dichloromethane solution with 

concentration = 1 mg/mL. Initial oven temperature: 70 °C increased at 1 °C/min 

to 120 °C; held at 120 °C for 10 min. The retention times were (R)-(+)-1-
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phenylethanol, tR(R) = 43.5 min; (S)-(-)-1-phenylethanol, tR(S) = 45.6 min; 

acetophenone, tR = 29.9 min. The ee measurements were confirmed against 

racemic 1-phenylethanol. 
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Chapter 3: An unexpected possible role of base in asymmetric catalytic 
hydrogenations of ketones. Synthesis and characterization of 

several key catalytic intermediates.5 

Introduction 

Noyori et al. developed the catalyst precursor, trans-Ru((R)-to\-

BINAP)(H)(V-BH4)((RR)-dpen) (82, 82' is the BINAP analogue of 82), that is 

catalytically active both in the presence and absence of added base (Scheme 

3.1 ).1 Compound 82", therefore, can be used to hydrogenate base-sensitive 

substrates. The proposed mechanism under base-free conditions is discussed 

in chapter 2. Using model compounds, Morris et al. established that one role of 

the added base is to generate the active, dihydride catalysts trans-

Ru(diphosphine)(H)2(diamine).2a Noyori et al. proposed that 82' can be activated 

towards hydrogenation via two pathways depending on the concentration of 

base.1b It was proposed that when low concentrations of base are used, 82' is 

activated towards hydrogenation via a slightly different pathway than under 

base-free conditions. Specifically it is proposed that added base will 

deprotonate one of the amine N-H's to form the anionic species [Ru((R)-

BINAP)(H)(r)1-BH4)((f?,R)-NH(CH(Ph))2NH2)]" (97, Scheme 3.1, left). 

Dissociation of the V-BH4 generates the amide 11, which is protonated as in 

the base free pathway to form the 16 e" species 85. As discussed in Chapter 2, 

compound 85 is in equilibrium with the dihydrogen compound 1 when under an 

atmosphere of H2. The r|2-H2 ligand is then deprotonated by added base, rather 

§ A version of this chapter has been published. J. Am. Chem. Soc. 2006, 128,13700-13701. 
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than by added solvent as proposed when under base-free conditions, to form 

the active dihydride catalyst 6 (Scheme 3.1, top right). Hydrogenation of the 

ketone results in product alcohol and the amide 11 which is then protonated to 

complete the cycle (Scheme 3.1, middle right). When higher concentrations of 

base are used, it is proposed that 82" enters the catalytic cycle via the same 

sequence as with low concentrations of base, i.e. dissociative conjugate base 

elimination of BH4" to form the amide. It is proposed, however, that generation 

of the dihydride proceeds through a different pathway.16 Under strongly basic 

conditions, the amide 11 is not protonated to generate the 16 e" species 85. 

Instead it is proposed that hydrogen coordinates to the amide to form [Ru((R)-

BINAP)(H)(ri2-H2)((RR)-NH(CH(Ph))2NH2)] (98, Scheme 3.1, bottom middle). 

Heterolytic cleavage of the the r|2-H2 ligand in 98 generates the dihydride 6 

Ph2 H-LH H 
98 

Scheme 3.1: Noyori etal.'s proposed base-assisted hydrogenation mechanism 
using the fraA7S-Ru(diphosphine)(H)2(diamine) catalyst system. 
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which then hydrogenates the ketone to form product alcohol and the amide 11. 

Coordination of H2 to form 98 completes the cycle. As is the case with most of 

these catalytic hydrogenations, the rate of reaction using 82' increases, peaks, 

and then decreases as base is added in increasing concentrations. Noyori et al. 

proposed that the initial increase in rate with added base was due to faster 

deprotonation of the TI2-H2 compound 1 to generate the active dihydride 6.1b 

The catalytic cycle still proceeds through 11->85->1->6-»11, and the rate 

continues to increase with increasing concentrations of base until the solution is 

sufficiently basic such that the amide 11 is not protonated to form 85. Noyori et 

al. proposed that when high base concentrations are used, hydrogenation 

proceeds through the catalytic cycle 11->98-»6->11. It is proposed that the rate 

decreases because deprotonation of 1 to form 6 when using low concentrations 

of base is faster than heterolytic cleavage of the r|2-H2 ligand in 98 to form 6 

when using high concentrations of base. 

The concentration of base also had a profound effect on the dependence 

of hydrogen pressure.16 The rate of hydrogenation remained constant when the 

hydrogen pressure was increased from 1 to 16 atm in the absence of added 

base. Noyori et al. proposed that deprotonation of 1 to form 6 is slower than the 

formation of 1 from 85. At lower concentrations of base (8.2 mM f-BuOK), 

however, the rate increased by a factor of 11 when the hydrogen pressure was 

increased from 1 to 16 atm. Under these conditions it was proposed that 

deprotonation of 1 to form 6 is faster than the formation of 1 from 85, thus the 

dependence on hfe pressure. Under highly basic conditions (82 mM f-BuOK) the 

50 



rate of hydrogenation increased by a factor of 4.5 when the hydrogen pressure 

was increased from 1 to 16 atm. The catalytic cycle is proposed to be 

11->98-»6—>11 under these conditions and to be less sensitive to hydrogen 

pressure since the turnover limiting step is proposed to be the heterolytic 

cleavage of the t|2-H2 ligand (98->6), not the coordination of H2 (11—>98).1b 

Morris et al. used model compounds and, in some cases, aprotic 

solvents to circumvent the problems associated with studying the catalytic cycle 

(vide supra).2a'b The diamine tmen (tmen = 1,2-tetramethylethylenediamine), 

which does not have hydrogens a to the amino groups, was used to prevent 

thermal decomposition via p-hydride elimination. This allowed for the synthesis 

and reactivity study of several relevant model compounds in the metal-ligand 

bifunctional mechanism. In some cases, however, only hydride 1H and 31P NMR 

data are provided and in others no data are provided for characterization . 

Morris et al. prepared the dihydride model compounds trans-Ru{(R)-

BINAP)(H)2(tmen) (99) and its PPh3 analog frans-Ru(PPh3)2(H)2(tmen) (96).2a"b 

These model compounds contain the c/s-Ru-H/N-H motif which is proposed to 

be of fundamental importance in the metal-ligand bifunctional mechanism. As 

such, Morris et a/.'s reactivity study of these trans dihydrides provide insight to 

how the actual catalyst may behave. Compounds 96 and 99 are prepared by 

reacting the corresponding hydridochloro compounds with a strong base under 

hydrogen in THF or benzene (Equation 3.1). Single crystal X-ray structure 

determination showed that 99 is an octahedral complex with the hydrides 

occupying axial positions.2a"b The trans disposition of the hydride ligands for 
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100 99 

Equation 3.1 

compounds 99 in solution was assigned based on 1H and 31P NMR spectrum. 

The 1H NMR spectrum of 99 shows that there is one signal each for the two N-

Haxiai, the two N-Hequatoriai, and the two hydride hydrogens, at 3.13, 0.95, and a 

triplet at -4.8 ppm, respectively. The 31P{1H} shows that there is one singlet for 

the BINAP phosphorus nuclei at 89.9 ppm which, along with the 1H NMR data, 

proves that the dihydride is C2-symmetrical. The trans disposition of the hydride 

ligands for compounds 96 in solution was assigned based on similarities to the 

1H and 31P NMR spectra of 99. There is only one signal for the 4 N-H's in 96. 

The hydride 1H (triplet, -5.5 ppm) and the 31P{1H} (singlet, 87.8 ppm) NMR 

signals, however, are similar to those in 99. Using deuterium exchange 

experiments, Morris et al. provided further evidence for the trans disposition of 

the hydride ligands. In the absence of hydrogen, the dihydrides 99, and 96, 

readily lose H2 to form the amide species 101, and 102, respectively (Figure 

3.1). Additionally 99 reacts with D2 gas to form to produce various isotopomers 

(99*, Figure 3.2).2b This result demonstrates that 99, and 96, may be in 

equilibrium with 101, and 102, respectively. Compounds 101 and 102 can also 

be prepared independently by either refluxing the corresponding dihydride in 

THF under Ar, or by reacting the hydridochloro compounds with a strong base 

in THF. The amide species react with D2 to form isotopomers similar to when 
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Figure 3.1: Preparation of model amide compounds. 

the dihydride is reacted with D2 (96\ Figure 3.2). In either case, there is a large 

downfield shift of the hydride with respect to the undeuterated dihydride 

compounds. The large shift is conclusive evidence for the hydride being trans to 

a deuteride based on the larger trans influence of deuterium versus hydrogen.23 

Ph H2 Me r n 2 u M 2 B«B p"»„ I >V̂ N—/.."Me 
"R.u'L 

£ J. M i^Me H H2 Me 

99 

Benzene, D2 

Ph2 u H2 Me 
P" | ^N—/.."Me -r 

99' 

'UjTt^Me 
M U Me 

H, Me T n 2
 l v l c 

v,vN—/.'"Me Benzene, D2 

Ph3P* 
,'Ru 

102 

^N—T>» i ^ M e 
Me 

H, Me T H2 '»•*» 
^ N - / . " ' M e 

-^""^ JL 
D HD M e Me 

96' 

Figure 3.2: Deuterium exchange reactions in model compounds. 
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Morris et al. observed that the dihydrides 99, and 96, react with 1 equiv of 

acetophenone in benzene in the absence of H2 to form 1-phenylethanol and the 

amide species 101, and 102, respectively (Figure 3.3 shows the reaction with 

the BINAP analogue).23"5 This proposal was based on the 1H NMR signals 

associated with the dihydride disappearing concomitant with 1H NMR consistent 

with the amide appearing. It was proposed that product alcohol reversibly binds 

to the amide to form an amide-alcohol adduct (103). The presence of the 

amide-alcohol adduct, however, was based solely on a broadening of the amide 

NMR resonances, with no characterization for 103. Morris et al. observed that 

the amides will also react with excess acetopheonone to form oxygen-bound 

enolate compounds (104, Figure 3.4). It was proposed that ketone coordinates 

to the amide to form an amide-ketone adduct (105).2b This would increase the 

basicity of the amido nitrogen such that it could deprotonate the methyl group of 

Figure 3.3: Stoichiometric addition of acetophenone to a model dihydride 
catalyst. 
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Figure 3.4: Reaction between acetophenone and a model amide. 

the ketone. Although the amide-ketone adduct was proposed, there was no 

spectral evidence provided for its existence. 

Morris et al. showed that ruthenium-alkoxide compounds can be made 

when the amide is reacted with either 1-phenylethanol, 2-PrOH, or f-BuOH 

(Figure 3.5).2b It was proposed that initially an amide-alcohol adduct (106) is 

formed based on a broadening of the amide 1H NMR signals. The alcohol 

adduct ligand is proposed to be bound to ruthenium by either oxygen with a 

hydrogen bond to the amide nitrogen, or via a C-H agostic interaction with 

deprotonation of the OH hydrogen (107). The amide-alcohol adducts are in slow 

equilibrium with the ruthenium-alkoxide species (108). Only the amide 102, 

however, containing PPh3 ligands was studied and not the amide 101 which 

contains the (f?)-BINAP ligand.2b Further, only hydride 1H and 31P NMR data 

were used to characterize 108. 
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Figure 3.5: Reaction of 1-phenylethanol and a model amide. 

Morris et al. showed that ruthenium-alkoxides can also be made when 

the dihydride 99 is reacted with either 1-phenylethanol or 2-PrOH (Figure 3.6).2b 

It was proposed that the alcohol protonates one of the hydride ligands to form 

an undetected cationinc r|2-H2 compound ion paired to the alkoxide anion (109). 

The alkoxide anion then displaces the r|2-H2 ligand to form the corresponding 

alkoxide complex (110). The alkoxides are proposed to be in rapid equilibrium 

with the dihydride as suggested by the broadening of the hydride resonance. 

56 



Ph2 H H2 Me 
"•* | ^N-X»Me 

Ph2 H H2 ^ 
99 

Benzene 

OH 

Ph2 H H2 Me 

P"2 H H2 MeMe 

,H 

109A 

Ph2 

P> 

P ^ 
Ph2 

H 
I 

.Ru 

0 

H2 

N ^ 

H2 

Me 
,/anMe 

l^Me 
Me 

Ph2 H H2 Me 
p'"<„ |© ŝN-—/.«»Me 
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Figure 3.6: Proposed mechanism of akoxide formation. 

The equilibrium shifts towards the alkoxide if more alcohol is added, and the 

dihydride can be regenerated if f-BuOK is added.2b As is the case for 108, only 

hydride 1H and 31P NMR were used to characterize 110. 

Morris et a/.'s reactivity study on the model compounds of the 

metal-ligand bifunctional mechanism outlined what reactivity may be expected 

with the actual intermediates. Although model compounds for the metal-ligand 

bifunctional mechanism have been made and studied, the difficulties 

encountered when studying these systems (vide supra) made the synthesis and 

reactivity study of the actual intermediates impossible at the time. In fact 

virtually none of the proposed intermediates in the metal-ligand bifunctional 

mechanism have been prepared. 
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Results and Discussion 

Chapter 2 discussed a high yielding, low-temperature synthesis of the 

BINAP-containing cationic r|2-H2 intermediate fra/7s-[Ru((f?)-BINAP)(H)(r|2-

H2)((Rf?)-dpen)]+ (1) in 2-PrOH-cfe containing CD2CI2.
6 Reactivity studies 

showed that the r|2-H2 group in 1 is extremely labile. The r|2-H2 is readily 

displaced by D2 to form the TI2-D2 isotopomer or by BH4" to form 82'. The 

downfield chemical shift of the r|2-H2 resonance, along with the relatively large 

1JHD coupling constant of the r|2-H-D isotopomer, shows that it retains a high 

degree of free H2 character. Flushing the H2 from 2-PrOH solutions of 1 with Ar 

results in decomposition, presumably by loss of H2 and p-H elimination from the 

dpen ligand. Most significantly, 1 is inactive towards the hydrogenation of 

acetophenone at 4 atm of H2, 30°C, and using 2000 equiv of ketone unless 1 

equiv of f-BuOK or BH4" is added as base. Compound 1, therefore, does not 

generate 6 without added base under these conditions.6 Chapter 3 discusses 

the study of the key reaction of 1 with base under various conditions. 
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Dh M u ~l+ X \\ A P h 2 M H2 

> J - ? 2 T N2 „Ph 2-Pr0' kA^"P' T ^ >Ph 

P^H^H H2
 Ph S ^ A ^ Ph2 V n2 

1 ^ X 7 

Equation 3.2 

Reaction of 1 with 1 equiv of f-BuOK under H2 (~2 atm H2, 2-PrOH, -80 

°C) resulted in immediate7 formation of the 2-propoxide compound trans-

Ru((/?)-BINAP)(H)(2-PrO)((R,R)-dpen) (7) (Equation 3.2). Morris et al. proposed 

that conversion of the model dihydride 99 to the 2-propoxide compound 

involved an intermediate in which TI2-H2 ligand is ion paired to 2-propoxide. The 

rapid formation of 7 suggests that it is more likely that any 2-propoxide formed 

by the reaction of base and 2-PrOH solvent would simply displace the labile r\2-

H2 group. Compound 7 can also be precipitated from CH2CI2/2-PrOH solutions 

by the addition of hexanes and studied independently, demonstrating an 

unexpected stability. The results from Morris' studies (vide supra) infer that 6 

may be in equilibrium with either the amide [Ru((f?)-BINAP)(H)((R,f?)-

NH(CH(Ph))2NH2))] (11),2b or with the cationic solvento compound trans-

[Ru((R)-BINAP)(H)(2-PrOH)((RR)-dpen)]+ (8).1b Unexpectedly, I found no 

evidence for the amide 11 or the solvento compound 8. Compound 7 also 

displays remarkable stability towards dissolved H2. There was no evidence for 

the formation of the trans dihydride 6 after prolonged exposures of 2-PrOH 

solutions of 7 to H2 gas (~ 10 h, ~2 atm, 22 °C) in the absence of base. 

Baratta et al. recently reported that the reaction of benzephenone with 
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[Ru(H)(CNN)(dppb)] (111, HCNN = 6-(4'-methylphenyl)-2-pyridylmethylamine, 

dppb=1,4-bis(diphenylphosphino)-butane) in benzene at 20 °C results in the 

formation of a ruthenium alkoxide (112, Equation 3.3).5 The hydride catalyst 

contains the Ru-H/N-H motif that is proposed to be essential for the high activity 

of these catalysts. One of the N-H resonances in the alkoxide has a relatively 

downfield chemical shift of 5.3 ppm. It was proposed that the downfield shift 

was caused by an intramolecular hydrogen bond between the alkoxide oxygen 

and the N-H.5 This interaction would also result in increased stability of the 

alkoxide. The unexpected stability of 7 may result from similar intramolecular H-

bonding between the 2-PrO" ligand and an N-H group (Figure 3.7). Bergman et 

al. observed a similar intermolecular hydrogen bond when phenols were added 

fPhf^l Q CeDe *-J sVPPh 

\ - N I H . AAA I I X l _ K l 

-P 
Ph2 

-NH2 111 H fK, 112 
P h T \ IH 

Ph 

Equation 3.3 

to rhodium-aryloxides.8 The hydrogen bonded compounds were stable in the 

solid state, and only underwent ligand exchange upon increasing the 

temperature to 45 °C. 
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Figure 3.7: Proposed intramolecular hydrogen bonding in the 2-propoxide. 

The N-H groups in the dihydrogen compound 1 undergo H-D exchange with 2-

PrOH-cfe upon mixing at -80 °C. The hydride and n,2-H2 ligands begin to 

exchange with 2-PrOH-c/8 and free H2 upon warming to ~ -60 °C. The N-H 

groups are therefore kinetically, at least, the most acidic protons in 1. To 

prevent both H-D exchange and formation of the 2-propoxide 7, compound 1 

was prepared in THF-of8. The compound [Ru((R)-BINAP(H)(2-PrOH)3](BF4) (87) 

decomposes at temperatures above -40 °C whereas [Ru((R)-

BINAP(H)(THF)3](BF4) (113) is stable up to 0 °C.9 This stability demonstrates 

that THF is a stronger ligand for these type of compounds than 2-PrOH. Unlike 

in 2-PrOH, warming THF-of8 solutions of the r|2-H2 compound 1 under ~2 atm H2 

reveals an equilibrium that shifts from -84% 1 at -80 °C, to a ~ 2:1 mixture of 1 

and the solvento compound frans-[Ru((R)-BINAP)(H)(THF-d8)((ft,R)-dpen)]+ (9) 
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at -50 °C (Equation 3.4). This change may be caused by the decreased 

solubility of H2 gas in liquids upon raising the temperature. Compound 9 is the 

THF-af8 analogue of the 2-PrOH adduct 8, a catalytic intermediate that Noyori et 

Ph2 V H2
 1+ f ^ T ^ l Ph2 tf H2 "1+ 

P"-„„ 1(^N—-, >Ph remove H2 ^ ^ \ ^ — P " „ „ V^N—,..."'Ph 
+ H 

Ph2H-LH H2 Ph rep|enishH2 l ^ X ^ r P h 2 O H2 Ph 

v_7 9 

Equation 3.4 

al. proposes to react with H2 and form 1.1d,1e Compound 9 behaved similarly to 

Noyori et a/.'s proposed reactivity for 8. The equilibrium in THF-c/8 shifts back to 

the TI2-H2 compound when cooled to -80 °C, and it shifts to 9 when the H2 is 

replaced with Ar. Also, the THF-ofe adduct 9 does not decompose via p-

elimination, even at -22 °C. 

To study the reaction with base, 1 was reacted with ~1 equiv of f-BuOK 

in THF-cfe at -60 °C. It is extremely difficult to remove all traces of water from 

THF-cfe. There was approximately one equiv of water present in solution, even if 

the THF-Gfe was freshly distilled over potassium. As such, the reaction with base 

resulted in the immediate formation of the hydroxide analogue of 7, trans-

Ru((R)-BINAP)(H)(OH)((R,R)-dpen) (10, Figure 3.8 and Equation 3.5). This 

result is analogous to the reaction in 2-PrOH (vide supra) except there is facile 

replacement of r|2-H2 in 1 by a hydroxide ion to form 10. Like the 2-propoxide 

compound 7, the hydroxide compound 10 can be precipitated from solution by 

the addition of hexanes at -80 °C. Additionally, compound 10 did not react with 
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Ph2 H H2 
p""„ I ,^N—,...«'Ph 

Ph2H-LH H2
 P h 

HO- H2 
N~~,..'»Ph 

n+ 

+ H2 

Ph2 OH H2 

10 

Equation 3.5 

H2 gas (~2 atm, -22 °C) to generate the dihydride 6. This result demonstrates 

that compound 10 has similar unexpected stability as compound 7, perhaps due 

to the presence of similar intramolecular hydrogen bonds. Compound 10 has 

two downfield (5.29 and 5.41) 1H NMR resonances assigned to N-H protons 

which may be an indication of these hydrogen bonds. The 1H NMR resonance 

for the hydroxide proton is a sharp singlet at ~ -1 ppm which is typical for 

ruthenium-hydroxide compounds. Since the hydroxide 1H NMR resonance is 

sharp, it may be an indication that it is not undergoing a rapid exchange 

process. 

Reaction of the hydroxide 10 with ~ 1 further equiv of f-BuOK in THF-d8 

at -60 °C quickly produced a new compound that I formulate as the 

Ph2 h H H2 

JRuL 

Ph2 p ^ 
H 

„»v*Ph 

^ P h 

Figure 3.8: Proposed intramolecular hydrogen bonding in the hydroxide 
compound. 
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N"-HeqUatoriar-"0-f-Bu hydrogen-bonded species 13. Bergman et al. observed 

similar intermolecular hydrogen bonds between ruthenium-amine complexes 

and alkoxide anions (Equation 3.6).10 The signals in the NMR spectra of 13 and 

10 are similar. The 1H NMR resonance for the hydroxide proton shifts upfield to 

e 
, . 0 -Me 

H 
© ' 

Me2
 N H 2 Me2 Me2

 N H 2 Me2 

-P'/// ^ p ^ i MeOH r^P"" „ . r~r»n **r'—| , .^vr 

- P * ^ | ^ * p — ' ^ p * ^ I ^ P 
Me2 H Me2 Me2 H Me2 

Equation 3.6 

-1.5 along with significant broadening which may be an indication that the 

hydroxide is undergoing an exchange process. Additionally, the 1H NMR 

resonances for the N-H protons in 13 shift upfield in comparison to 10 which 

may be an indication that the hydrogen bonds stabilizing 10 are disrupted. The 

largest shift was ~ 1.6ppm upfield by a N-HeqUatoriai. The analogous compound 

12 forms when the 2-propoxide 7 reacts with ~ 1 equiv of f-BuOK in THF-cfe 
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(Equation 3.7). The 1H NMR resonances for some the N-H protons in 12 also 

shift upfield in comparison to 7. Significant to the catalytic hydrogenation, both 

Ph2 H H2 
p"»„ | ^ N - - , >Ph 

Ph2 0- . . / 

R* H 

N-—, >Ph H JL 
f-BuOK 

>-

7 o M 0 R 1 = H o r 2 - P r 
R2 = t-Bu, H or 2-Pr 

12 or 13 

Ph2 H H2 
p'">„ I . ^ N - - , >Ph 

Ph2 O ^ P h 

R1 

I 

R2 

Equation 3.7 

compounds 13 and 12 quickly react with H2 gas (~2 atm H2) -80 °C, <10 min) to 

generate the key catalytic intermediate, frans-dihydride 6, which is stable at low 

temperature in THF-Gfe and therefore could be fully characterized by NMR. 

Morris et al.'s model dihydride 99 has nearly identical Ru-H 1H NMR 

resonances, as well as the 31P NMR, chemical shifts to 6 (-4.81 and 89.9 ppm 

versus -5.07 and 89.22 ppm, respectively).23 Further, Morris et al. reported a 

tentative observation of 6 in benzene based upon P and Ru-H NMR signals.23 A 

reasonable hypothesis is that these hydrogen additions proceed via 

deprotonation of the hydrogen bonded -N—H—"OR group in 13 and 12 to effect 

an intramolecular elimination of the hydroxide- or alkoxide ligand, respectively, 

to form the amide 11 (Equation 3.8). The amide 11 then reacts with H2 to 

produce 6. Although a pathway involving p-hydride elimination is not ruled out, 

this hypothesis is supported by the reaction of the hydroxide 10 with ~ 1 equiv 

of the stronger, hindered base ((CH3)3Si)2NK in the absence of H2 gas in THF-
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P' | 11̂ N~~1....»*Ph 
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H 

11 

R1 =Hor2-Pr 
R2 = t-BuO; 2-PrO" or (Si(CH3)3)2N-

Equation 3.8 

da at ~ -60 °C to immediately form the amide 11, another intermediate in these 

catalytic hydrogenations. The amide 11 was stable at low temperature in THF-

d8, but decomposed at room temperature, presumably via p-hydride 

elimination.^ 

The identification of 11 is in part based upon comparisons to Morris et 

a/.'s characterization of the model amide Ru((R)-BINAP)(H)(NH(C(CH3)2)2NH2) 

(101) in benzene.23 The 1H NMR resonances of the N-H's in 11 are similar to 

those of the model compound 101. Most notable is the upfield shift the amide 

N-H being 1.39 ppm for 11 and 1.22 ppm for 101. Compound 11 is present as 

two different diastereomers in an 8:2 ratio depending on which N-H is 

deprotonated whereas 101 is present as a single isomer. The Ru-H signal 1H 

NMR spectrum appears as a doublet of doublets (major 2JP.H = 40.4, 24.4 Hz; 

minor 2JP.H = 47.5, 21.8 Hz) for both diasteromers 11. The larger 2JP.H coupling 

constants for the Ru-H indicate that one of the phosphorus atoms is out of the 

equatorial plane. The 2JP-H coupling constant for the model compound 101 (33 
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Hz) is roughly an average of the 2JP.H coupling constants in 11 which would 

seem to indicate that 101 is actually present as two diastereomers as in 11, but 

in rapid equilibrium with each other due to the elevated temperature. 

Additionally, the 31P NMR resonances for the BINAP ligand in 11 and 101 are at 

similar chemical shifts. 

Consistent with the results I obtained in wet THF, the amide 11 in dry 

THF-of8 reacts immediately at -60 °C with H20 or 2-PrOH (~5 equiv) to 

hi H 2 

Ph Base Ph, I , ^ N \ 
, P—f^st ) 

Ph H2Oor2-PrOH [ | Ny 

V p p h 2
H 

7 or 10 1 1 

R1 =Hor2-Pr 

Equation 3.9 

completely form the hydroxide 10, or the 2-propoxide compound 7, respectively 

(Equation 3.9).11 In contrast, Morris et al. proposed, on the basis of preliminary 

product identification (P and Ru-H NMR signals), that the corresponding 

reaction between the amide Ru(PPh3)2(H)(NH(C(CH3)2)2NH2) 102 and 

Ph(CH3)CHOH is slow, reversible, and does not go to completion. They 

suggested for this type of equilibrium in 2-PrOH that added base shifts the 

reaction towards the free amide by decreasing the net acidity of the solvent.215 

As has been proposed for these and related catalytic hydrogenations, I 

found that the amide 11 reacts quickly with H2 (~2 atm hb, -80 °C, <5 min) to 

generate the frans-dihydride 6 (Scheme 3.2).1b,2a,3a Reaction of the dihydride 6 
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Scheme 3.2: Summary of the putative intermediates reactivity. 
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Equation 3.10 

with D2 in THF-cfe caused H-D exchange at the Ru-H and the N-HaXiai groups 

(Equation 3.10). Addition of H2 to the amide 11 is reversible,26 and it is the axial 

N-H's that participate in this exchange. I also found that the dihydride 6 can also 

Equation 3.11 

be prepared by reacting the r|2-H2 compound 1 with ((CH3)3Si)2NK under H2 in 

dryTHF-cfe (Equation 3.11). 

Conclusions 

This chapter details the first low-temperature syntheses and conclusive 

characterizations of the illusive intermediates 9, 11, 6, and a new intermediate, 

12. The results show that any amide 11 formed during a catalytic hydrogenation 

will quickly react with the 2-PrOH solvent to form the 2-propoxide 7 (Scheme 

3.2). This observation, along with both the facile displacement of the r|2-H2 

ligand in 1 by 2-propoxide and the reversibility of H2 addition to 6, confirm 
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Morris et a/.'s suggestion, D from model studies, that the formation of 7 is in 

strong competition with H2 for the amide 11 during these catalytic 

hydrogenations. Unlike the suggestion of Morris et a/., the formation of 7 was 

found to be fast, complete, and not kinetically reversible in the absence of base. 

A reasonable proposal is that adding base increases the rate of these 

hydrogenations by promoting the base-assisted elimination of 2-propoxide from 

7 to form the amide 11. It has been proposed that addition of hb to the amide 11 

to produce 6 is the turnover limiting step of these hydrogenations carried out in 

the presence of excess base.1b,2b Observations show that H2 addition to the 

amide 11 occurs at high rates at -80 °C. Therefore the hydrogen addition is 

turnover limiting in the presence of excess base because the steady-state 

concentration of 11 is low during the catalytic hydrogenation. Chapter 4 will 

discuss the key reaction between the dihydride 6 and the common ketone test 

substrate, acetophenone. 

Materials and Methods 

All operations were carried out in NMR tubes fitted with a rubber septum 

under an atmosphere of argon or hydrogen using standard Schlenk and 

glovebox techniques unless stated otherwise. The inside walls of the NMR 

tubes were silanized by reaction with chlorotrimethylsilane followed by removal 

of the excess chlorotrimethylsilane by heating under vacuum. All solvents were 

dried and distilled under a dinitrogen atmosphere using standard drying agents 

unless stated otherwise. All solvents were degassed by three freeze-pump-thaw 

cycles before use. Deuterated isopropanol was not dried. The deuterated 
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solvents were obtained from Cambridge Isotope Laboratories. Common 

solvents were obtained from Fisher Scientific. Common chemicals were 

obtained from Aldrich. (R,R)-dpen and (f?)-BINAP were obtained from Strem. 

Potassium tert-butoxide was sublimed immediately before use. The reactions 

were monitored using low-temperature NMR spectroscopy. The reaction times 

are approximate. If an immediate color change occurred when the reactants 

were mixed at low temperatures, and if the first NMR spectrum, recorded within 

5 min of mixing, showed the reaction was complete, I report the reaction time as 

immediate at the temperature the NMR spectrum was recorded. If no visible 

color change occurred upon mixing, and if the first NMR spectrum showed the 

reaction was complete, I report the reaction time as less than the time period 

between mixing and when the first NMR spectrum was recorded. 

1H, 13C, and 31P NMR spectra were measured using Varian-lnova (400 or 500 

MHz) spectrometers. 1H and 13C NMR chemical shifts are reported in parts per 

million (8) relative to TMS with the solvent as the internal reference. 31P 

chemical shifts are reported in parts per million (5) relative to an 85% H3PO4 

external reference. NMR peak assignments were made using COSY and 13C-

1H HMQC 2D NMR experiments. Some axial and equatorial N-H assignments 

for 1 and 7 were made using NOESY NMR experiments. The N-HaXiai adjacent 

to Ru-H was ~ 2 ppm upfield from the other N-H's in 1 and 7. The same 

observation was reported for N-HaXiai adjacent to Ru-H in a series of compounds 

studied by Noyori, et aO2 This observation is used to assign the N-HaXiai 

adjacent to Ru-H in compounds 9, 10, 13, 11, and 6. Mass spectrometric 
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analyses of organometallic compounds were performed by positive-mode 

electrospray ionization (ESI-MS (pos)) on a Micromass ZabSpec Hybrid Sector-

TOF spectrometer. Calculated m/z values refer to the isotopes 12C, 1H, 14N, 160, 

31P, and 102Ru. 

Reaction of 1 with f-BuOK to form fra/is-[Ru((/?)-BINAP)(H)(2-PrO)((R,/?)-

dpen)] (7). Using a procedure described previously,6 a solution of complex 1 

(7.95 x 10"3 mmol) in 2-PrOH-af8/CH2Cl2-c/2 (~ 0.4 and 0.2 mL, respectively) 

under ~2 atm H2 was prepared at -80 °C in a 5mm NMR tube fitted with a 

rubber septum. A solution of f-BuOK (0.8mg, 7.13 x 10"3 mmol) in 2-PrOH-d8 

(~0.2ml_) was prepared under nitrogen in a 5 mm NMR tube fitted with a rubber 

septum, cooled to -80 °C, and quickly transferred through a short cannula 

under hydrogen pressure into the solution of 1 at -80 °C. The pressure of H2 in 

the reaction tube was replenished after the transfer by injecting 5 mL of H2 with 

a gas-tight syringe. The contents of the tube were then thoroughly mixed by 

quickly shaking the tube for 2 sec outside the -80 °C bath, returning it to the 

bath, and repeating the process 4 more times. The color changed from dark 

orange to dark yellow-orange immediately during the first shake to mix the 

contents of the tube. An NMR spectrum recorded at -80 °C after ~ 5 min 

showed that the reaction was complete and formed 7-2PrO-c/7 as sole 

detectable product. 1H NMR (399.79 MHz, 2-PrOH-c/8/CH2CI2-o2, -80 °C): 6 -

17.81 (1H, t, 2Jp.H = 26.6 Hz, Ru-H), 3.95-4.1 (2H, om, CaHNDD and CbHNDD), 

6-8.5 (42H, om, aromatic). 13C{1H} NMR (100.6 MHz, 2-PrOH-o8/CH2CI2-d2, -80 

72 



°C): 5 Coordinated 2-PrO-d7 signals are obscured by 2-PrOH-d8 solvent, 63.9 

(CaHNHH), 69.7 (CbHNHH), 123-141 (aromatic). 31P{1H} NMR (161.9 MHz, 2-

PrOH-c/8/CH2CI2-ar2, -80 °C): 5 64.7 (d, 2JP_P = 41.5 Hz), 73.0 (d, 2JP_P = 41.5 

Hz). The reaction mixture was reduced to dryness under vacuum at 0 °C, the 

residue was treated with one drop of 2-PrOH to exchange the 2-PrO-d7 with 2-

PrO, and to convert the N-D into N-H groups, the mixture was again reduced to 

dryness under vacuum at 0 °C, and the resulting perprotio-7 was dissolved in 

dry THF-cfe. 1H NMR (399.85 MHz, THF-cfe, -80 °C): 5-17.15 (1H, t, 2JP.H = 

24.7 Hz, Ru-H), 1.04 (Ru-OCH(CH3)2, obscured by residual 2-PrOH solvent), 

2.02 (1H, br, CaHNHaxiaiH), 3.9-4.5 (4H, broad overlapping, partially obscured by 

2-PrOH signal, CbHNHH, CaHNHH, CbHNHH, CbHNHH), 4.06 (1H, septet, 3 J H H 

= 3.9 Hz, Ru-OCH(CH3)2), 4.62 (1H, br, CaHNHHequatoriai), 6-9.2(om, aromatic). 

13C{1H} NMR (100.6 MHz, THF-of8, -80 °C): 5 62.3 (CaHNHH), 68.4 (CbHNHH), 

123-141 (aromatic). 31P{1H} NMR (161.9 MHz, THF-of8, -80 °C): 5 64.9 (d, 2JP_P 

= 40.8 Hz), 71.6 (d, 2JP_P = 39.7 Hz). LRMS (ESI): m/z calcd for 

C6iH56N2OP2102Ru ([M]+), 996.3; found, 996.3. It is known that [M]+ can result 

from electrochemical oxidation of organometallic compounds during ESI MS.13 

Preparation of frans-[Ru((/?)-BINAP)(H)(Ti2-H2)((R,/?)-dpen)]BF4 (1) in THF-

d8. A solution of fac-[Ru((R)-BINAP(H)(sol)3]BF4 (9.0 mg, 8.56 x 10"3 mmol, sol 

= solvent) in THF-c/8 (0.5 ml_) was prepared under H2 (~2 atm) as described 

previously9 and then cooled to -80 °C. A -80 °C solution of (R,R)-dpen (1 equiv, 

1.8 mg) in THF-cfe (0.1 ml_) was then quickly canulated using H2 pressure into 
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the tube containing /ac-[Ru((R)-BINAP(H)(sol)3]BF4. The pressure of H2 was 

replenished after the transfer by injecting 5 ml_ of H2 into the tube using a gas-

tight syringe. The contents of the tube were then thoroughly mixed by quickly 

shaking the tube for 5 sec outside the -80 °C bath, returning it to the bath, and 

then repeating the process four times. NMR Spectra recorded at -80 °C after 

~5 min showed that the reaction was complete and formed 1 as sole detectable 

product. 1H NMR (399.91 MHz, THF-cfe, -80 °C): 5 -8.54 (1H, t, 2JP.H = 22.5 Hz, 

Ru-H), -0.48 (2H, br, Ru-n2-H2), 1.99 (1H, br t, 3JH-H = 12 HZ, CaHNHaxia|H), 

3.67 (1H, br t, 3JH-H = 12 Hz, CbHNHH), 3.93 (1H, app t, 3JH-H = 12 Hz, 

CbHNHH), 4.05 (1H, brt, 3JH-H = 12 HZ, CaHNHH), 4.66 (1H, br d, 3JH-H = 12 Hz, 

CbHNHH), 5.15 (1H, br, CaHNHHequatoriai), 6-8.8 (42H, om, aromatic). 13C{1H} 

NMR (100.6 MHz, THF-af8, -80 °C): 5 63.9 (CaHNHH), 69.7 (CbHNHH), 123-141 

(aromatic). 31P{1H} NMR (161.9 MHz, THF-of8, -80 °C): 5 70.92 (d, 2JP_P = 33 

Hz), 72.14 (d, 2JP_P = 33 Hz). Note that adding 2-PrOH-de at -80 °C caused 

immediate H-D exchange at the N-H groups. 

Preparation of frans-[Ru((/?)-BINAP)(H)(THF-c/8)((A?,/?)-dpen)]BF4 (9). 

Complex 1 was prepared in THF-cfe at -80 °C as described above. Argon gas (1 

atm) was bubbled through the solution for 10 min to generate 9. Adding H2 gas 

regenerated 1. As described in the main text of the paper, relative 

concentrations of 1 and 9 in the mixture depended on the temperature and the 

amount of H2 gas added. 1H NMR (399.89 MHz, THF-cfe, -40 °C): 5 -23.11 (1H, 

br, Ru-H), 2.30 (1H, br t, 3JH-H = 12 Hz, CaHNHaxiaiH), 2.97 (1H, br t, 3JH-H = 12 
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Hz, CbHNHH), 4.0 (1H, om, CbHNHH, overlapping with CaHNHH), 4.02 (1H, om, 

CaHNHH, overlapping with CbHNHH), 4.39 (1H, br d, 3JH-H = 8 Hz, CbHNHH), 

4.68 (1H, br d, 3JH-H = 8 Hz, CaHNHHequatoriai), 6-8.5 (42H, om, aromatic). 

13C{1H} NMR (100.6 MHz, THF-ofe, -40 °C): 5 62.8 (CaHNHH), 69.09 

(CbHNHH), 123-141 (aromatic). 31P{1H} NMR (161.88 MHz, THF-d8, -40 °C). 5 

65.37 (d, 2Jp_P = 35.5 Hz), 70.41 (d, 2JP_P = 35.5 Hz). 

Reaction of Complex 1 with f-BuOK in wet THF-ofe to produce trans-

[Ru((R)-BINAP)(H)(OH)((f?,R)-dpen)] (10). It was extremely difficult to maintain 

the THF-cfe rigorously dry during the steps required to prepare 1. A solution of 1 

(7.2 x 10"3 mmol) in THF-afe (~ 0.6 mL) at -80 °C under H2 (~ 2 atm) was 

prepared as described above. A solution of f-BuOK (0.8 mg, 7.13 x 10"3 mmol) 

in THF-ofe (-0.1 mL) was prepared under nitrogen -80 °C and then quickly 

transferred through a short cannula under hydrogen pressure into the solution 

of 1 at -80 °C. The pressure of H2 was replenished after the transfer by 

injecting 5ml_ of H2 into the tube using a gas-tight syringe. The contents of the 

tube were shaken for 2 sec and returned to the cooling bath 5 times. A colour 

change from orange to yellow-orange occurred during the first shake. NMR 

spectra recorded after 5 min at -60 °C showed the reaction was complete. 1H 

NMR (399.87 MHz, THF-ofe, -60 °C): 5 -16.24 (1H, t, 2JP.H = 23.9 Hz, Ru-H), -

1.08 (1H, s, Ru-OH), 2.48 (1H, br t, 3JH-H = 12 Hz, CaHNHaxiaiH), 3.75 (1H, br, 

CbHNHH), 4.32 (1H, brt, 3JH-H = 12 Hz, CbHNHH), 4.63 (1H, brq, 3JH-H = 12 Hz, 

CaHNHH), 5.29 (1H, brt, 3JH-H = 12 Hz, CbHNHH), 5.41 (1H, brt, 3JH-H = 12 Hz, 
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CaHNHHequatoriai), 6-10.1 (42H, on , aromatic). 13C{1H} NMR (100.6 MHz, THF-

cf8, -60 °C): 5 -64.0 (CaHNHH), 70.8 (CbHNHH), 123-141 (aromatic). 31P{1H} 

NMR (161.88 MHz, THF-cfe, -60 °C): 6 75.7 (d, 2JP-P = 38.0 Hz), 69.0 (d, 2JP_P = 

38.0 Hz). The 1H NMR of 10 contains the hydroxide signal at —1.1 ppm, which 

is similar to reported ruthenium-hydroxide compounds.13 HRMS (ESI): m/z 

calcd for C58H47N2OP2102Ru ([M-3]+), 951.22016; found, 951.22011. The 

fragmentation of 10 during ESI MS needs to be investigated. Prolonged 

exposure of 10 to H2 (~ 2 atm, room temp.) did not result in the formation of 

frans-[Ru((f?)-BINAP)(H)2((f?,R)-dpen)](6). 

Reaction of frans-[Ru((R)-BINAP)(H)(OH)((R,/?)-dpen)] (10) with f-BuOK in 

THF to produce frans-[Ru((R)-BINAP)(H)(OH)((/?,/?)-(NH2(CH(Ph))2NH"H"-

O-f-Bu)] (13). The product [Ru((f?)-BINAP)(H)(OH)((R,F?)-

(NH2(CH(Ph))2NH-H-"0-f-Bu)] (13) can be prepared by two consecutive 

additions of 1 equiv of f-BuOK to 9 in THF. The first addition will generate trans-

[Ru((R)-BINAP)(H)(OH)((RR)-dpen)] (10) by replacement of the labile THF 

ligand in 9 by OH", and the second addition will generate 13. I found it more 

convenient to add f-BuOK to 9 in one addition. Specifically, a solution of 

complex 9 (1.07 x 10"2 mmol) in THF-cfe (0.7) at -80 °C was prepared as 

described above. A -80 °C solution of f-BuOK (2.4 mg, 2 equiv) in THF-cfe (0.1 

ml_) was quickly canulated into the solution of 9 at -80 °C. The tube was then 

shaken for 10 sec and returned to the bath five times in order to maintain the 

temperature near -80 °C. NMR spectra recorded after 5 min showed the 
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reaction was complete. 1H NMR (399.87 MHz, THF-cfe, -60 °C): 5 -16.23 (1H, t, 

2JP-H = 24.4 Hz, Ru-H), -1.5 (1H, br, Ru-OH), 2.19 (1H, br t, 3JH-H = ~8 Hz, 

CaHNHaxiaiH), 3.32 (1H, br t, 3JH-H = 12 HZ, CbHNHH), 4.01 (1H, app t, 3JH-H = 12 

Hz, CbHNHH), 4.12 (1H, br d, 3JH-H = -10 Hz, CbHNHH), 4.38 (1H, om, 

CaHNHH, overlapping with CaHNHHequatoriai), 4.42 (1H, om, CaHNHHeqUatoriai, 

overlapping with CaHNHH), 6-9.5 (42H, om, aromatic). 13C{1H} NMR (100.6 

MHz, THF-c/8, -60 °C): 5 -64.9 (CaHNHH), 69.9 (CbHNHH), 123-141 (aromatic). 

31P{1H} NMR (161.88 MHz, THF-of8, -60 °C): 6 69.0 (d, V P = 40.0 Hz), 74.0 

(d, 2JP_P = 40.0 Hz). 

Reaction of frans-[Ru((K)-BINAP)(H)(2-PrO)((/?,/?)-dpen)] (7) with f-BuOK in 

THF to prepare *rans-[Ru((/?)-BINAP)(H)(2-PrO)((/?,/?)-

NH2(CH(Ph))2NH-H--0-f-Bu)] (12). A solution of complex 7 (1.03 x 10"2 

mmol) in THF-ofs (0.7 mL) at -80 °C was prepared as described above. A -80 

°C solution of f-BuOK (1.1 mg, 0.95 equiv) in THF-ck (0.1 mL) was quickly 

canulated under argon pressure into the solution of 7 at -80 °C. The tube was 

then shaken for 5 sec and returned to the bath five times in order to maintain 

the temperature near -80 °C. NMR spectra recorded after 5 min showed the 

reaction was complete. 1H NMR (399.85 MHz, THF-ofe, -60 °C): 5 -17.50 (1H, t, 

2v/p.H = 25.4 Hz, Ru-H), 1.06 (br, Ru-OCH(CH3)2, partially obscured by residual 

2-PrOH solvent), 1.95 (1H, app. t, 3JH-H = 12 Hz, CaHNHaxiaiH), 3.50 (1H, app. t, 

3JH-H = 12 HZ, CbHNHH, partially obscured by THF-ds solvent signal), 3.91 (br, 

Ru-OCH(CH3)2, partially obscured by residual 2-PrOH solvent), 4.0 (CbHNHH, 
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partially obscured by 2-PrOH signal), 4.12 (CaHNHH, overlapping with 

CbHNHH), 4.14 (CbHNHtf, overlapping with CaHNHH), 4.7 (1H, app br t, 3JH-H = 

12 Hz, CaHNHHequatoriai), 6-8.8 (42H, om, aromatic). 13C{1H} NMR (100.6 MHz, 

THF-cfe, -80 °C): 5 coordinated 2-PrO- signals are obscured by residual 2-PrOH 

solvent, 63.8 (CaHNHH), 69.7 (CbHNHH), 123-141 (aromatic). 31P{1H} NMR 

(161.9 MHz, THF-cfe, -60 °C): 6 64.7 (d, 2JP_P = 40.8 Hz), 72.8 (d, 2JP_P = 40.8 

Hz). 

Reaction of frans-[Ru((R)-BINAP)(H)(OH)((/?,/?)-NH2(CH(Ph))2NH"H"0-f-

Bu)] (13) with H2 to prepare frans-[Ru((/?)-BINAP)(H)2((/?,/?)-dpen)] (6). A 

solution of complex 13 (7.2 x 10"3 mmol) in THF-cfe (0.7 mL) was prepared as 

described above under an atmosphere of argon and kept at -80 °C. H2 gas (5 

mL, ~ 2 atm) was injected into the tube using a gas tight syringe, and the tube 

was shaken for 10 sec outside the cooling bath, and returned 5 times in order to 

mix the contents of the tube and to maintain the temperature at -80 °C. NMR 

spectra recorded at -60 °C and 10 min after mixing showed the formation of 6 

was complete. 1H NMR (499.83 MHz, THF-cfe, -60 °C): 5 -5.07 (2H, t, 2JP.H = 

15.7 Hz, Ru-H), 2.62 (2H, br. t, 3JH-H = 9 Hz, CHNHaxiaiH), 3.84 (2H, br d, 3JH-H = 

9 Hz, CHNHH), 3.95 (2H, br d, 3JH-H = 9 Hz, CHNHHequatoriai), 6-9.2 (om, 

aromatic). 13C{1H} NMR (125.7 MHz, THF-cfe, -60 °C): 5 66.5 (CHNHH, 

overlapping with solvent signal), 123-141 (aromatic). 31P{1H} NMR (202.34 

MHz, THF-cfe, -60 °C): 5 89.22 (s). 
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Reaction of frans-[Ru((/?)-BINAP)(H)(2-PrO)((/?,/?)-NH2(CH(Ph))2NH-H- -O-

f-Bu)] (12) with H2 to prepare frans-[Ru((/?)-BINAP)(H)2((R,/?)-dpen)] (6). A 

solution of 12 (1.03 x 10"2 mmol) in THF-cfe (0.7 mL) was prepared as described 

above under an atmosphere of argon and kept at -80 °C. H2 gas (5 mL, ~ 2 

atm) was injected into the tube using a gas tight syringe, and the tube was 

shaken for 1 sec outside the cooling bath, and returned 5 times in order to mix 

the contents of the tube and to maintain the temperature at -80 °C. NMR 

spectra recorded at -80 °C and 10 min after mixing showed the formation of 6 

was complete. 

Reaction of frans-[Ru((R)-BINAP)(H)(OH)((R,R)-dpen)] (10) with 

((CH3)3Si)2NK in THF to prepare [Ru((/?)-BINAP)(H)((/?,R)-NH(CH(Ph))2NH2)] 

(11). It was extremely difficult to prepare and maintain THF that was absolutely 

dry to avoid the facile reaction between the product amide 11 and trace water to 

regenerate the hydroxide 10. I found it convenient to avoid this difficulty by 

preparing the solvento complex 9 in THF as described above, and then to dry 

the THF of trace H20 by reaction with one equiv of ((CH3)3Si)2NK to generate 

the hydroxide compound 10. In my experience, the resulting solution of 10 is 

sufficiently dry to react with 1 further equiv ((CH3)3Si)2NK to prepare the amide 

11 in 80 to 90 % yield, the remainder being the hydroxide 10. Specifically, a -80 

°C solution of complex 9 (8.93 x 10"3 mmol) in THF-of8 (0.6 mL) was prepared as 

described above. A solution of ((CH3)3Si)2NK (3.5 mg, 1.96 equiv) in THF-d8 

(0.1 mL) at -80 °C was quickly canulated into the solution of 9 using argon 
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pressure. The tube was quickly shaken for 1 sec outside the bath and then 

returned to the bath 5 times in order to mix the contents while maintaining the 

temperature near -80 °C. A colour change from orange to deep red occurred 

during the first shake. Two diasteromers of 11 in an approximately 8:2 ratio are 

observed in NMR spectra recorded at -60 °C ~ 5 min after mixing. Both 

diastereomers of 11 are distorted trigonal bipyramidal with the hydride trans to a 

phosphine, and with the dpen occupying two equatorial positions. I believe that 

they differ by which diastereotopic nitrogen of the dpen ligand exists as the 

amide. Major. 1H NMR (399.84 MHz, THF-of8, -60 °C): 5-17.17 (1H, dd, 2JP.H = 

24.4 Hz, 2JP.„ = 40.4 Hz, Ru-H), 1.38 (obscured, CaHNHH), 3.3 (1H, app. t, 3JH-

H = 12 Hz, CaHNHH), 3.72 (1H, br, CbHNH), 4.24 (1H, app t, 3JH-H = 8 Hz, 

CbHNH), 5.02 (1H, br d, 3JH-H = ~8 Hz, CaHNHH), 6-8.8 (42H, om, aromatic). 

13C{1H} NMR (100.6 MHz, THF-of8, -60 °C): 5 -67.2 (CHNHH, obscured by 

solvent signal), 76.1 (CHNH), 123-141 (aromatic). 31P{1H} NMR (161.86 MHz, 

THF-d8, -60 °C): 6 72.14 (d, 2JP_P = 35.4 Hz), 81.58 (d, 2JP_P = 35.4 Hz). Minor. 

(observable peaks) 1H NMR (399.84 MHz, THF-cfe, -60 °C): 5 -18.44 (dd, 2JP.H 

= 21.8 Hz, 2JP-H = 47.5 Hz, Ru-H), 2.58 (1H, br d, 3JH-H = ~9 Hz, CaHNHH), 3.3 

(CaHNHH, obscurred by major CaHNHH), 4.02 (1H, br, CbHNH), 4.41 (1H, br, 

CbHNH). 13C{1H} NMR (100.6 MHz, THF-afe, -60 °C): The concentration of the 

minor diastereomer was too dilute for detection of 13C signals. 31P{1H} NMR 

(161.86 MHz, THF-Q8, -60 °C): 6 75.9 (d, 2JP_P = 26.8 Hz), 80.73 (d, 2JP_P = 

26.8 Hz). Complex 11 decomposes at temperatures greater than —40 °C. 
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Reaction of [Ru((R)-BINAP)(H)((/?,/?)-NH(CH(Ph))2NH2)] (11) with ROH (R = 

H or 2-Pr). (a) A solution of complex 11 (1.09 x 10"2 mmol) in THF-d8 (0.7 mL) 

was prepared under argon using 2 equiv of ((CH3)3Si)2NK at -80 °C as 

described above. Water (0.15 jaL) was injected into the tube using a gas tight 

syringe. The tube was shaken briefly for 1 sec and then returned to the cooling 

bath five times in order to mix the contents of the tube while maintaining the 

temperature near -80 °C. A colour change occurred from deep red to orange-

red immediately during the first shake. 1H and 31P NMR spectra recorded 5 min 

after mixing at -60 °C showed the complete formation of 10. The same 

procedure was used for the reaction of 11 with 5 jaL of 2-PrOH to result in the 

immediate formation of 7. 

Reaction of [Ru((/?)-BINAP)(H)((/?,/?)-NH(CH(Ph))2NH2)] (11) with H2 to 

prepare fra/is-[Ru((R)-BINAP)(H)2((/?,R)-dpen)] (6). A solution of complex 11 

(8.72 x 10"3 mmol) in THF-cfe (0.7 mL) was prepared as described above and 

kept under argon at -80 °C. Hydrogen gas (5 mL, -2 atm final pressure) was 

injected into the tube using a gastight syringe, and the tube was shaken for 10 

sec and returned to the cooling bath 5 times. 1H and 31P NMR spectra recorded 

at -80 °C after 5 min showed the conversion to 6 was complete. 

Reaction of Complex 6 with D2. D2 gas (1 atm) was cooled to -80 °C and 

bubbled through a THF-cfe solution of 6 for 10 min at -80 °C. A 1H NMR 

spectrum recorded at -80 °C after -20 min showed a reduction (-25 %) in the 
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axial N-H and Ru-H signal integrations concomitant with a 0.06 downfield shift 

of the signal for the Ru-H group trans- to a deuteride ligand. The integration for 

the equatorial N-H signal did not decrease during this period. 

Reaction of Complex 1 with ((CH3)3Si)2NK. Complex 1 (8.7 x 103) was 

prepared in just distilled/dried THF-cfe (0.7 mL) as described above and kept at 

-80 °C under an atmosphere of H2 gas (~ 2 atm). A -80 °C solution containing 

0.75 equiv (1.3 mg, 6.5 x 10"3) of ((CH3)3Si)2NK in freshly distilled/dried THF-d8 

(0.1 mL) was canulated using H2 pressure into the solution of 1 at -80 °C. 5 mL 

of H2 gas (~ 2 atm) was injected into the tube using a gas tight syringe, and the 

tube was then shaken for 1 sec and returned to the cooling bath 5 times in 

order to mix the contents of the tube while maintaining the temperature near -

80 °C. NMR spectra recorded 5 min later at -80 °C showed the product mixture 

contained 6 (-65%, 86 % based upon added base), 1 (-25%), and 10 (-10%). 

Compound 10 resulted from traces of H20 remaining in the THF. 
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Chapter 4: Direct Observations of the Bifunctional Ligand-Assisted 
Addition Step in an Enantioselective Ketone Hydrogenation.5 

Introduction 

The accepted mechanism using the Noyori-type catalysts, 

Ru(diphosphine)H2(diamine), for ketone hydrogenation has largely been 

determined from the study of model compounds, isotope labeling, kinetics, 

product distributions, and from theoretical studies.1"9 Mechanistic information on 

the enantioselective step is particular important since it describes the origins of 

selectivity. The best fit with the currently available data is that the 

enantioselective step is a metal-ligand bifunctional addition involving the 

dihydride intermediate 6. It is proposed that a nucleophilic hydride on Ru and a 

protic hydrogen on nitrogen add to the carbon and oxygen atoms of the ketone, 

respectively (Equation 4.1). This concerted addition proceeds through a 

pericyclic, 6-membered transition state to form the alcohol product and the 

amide 11.2a The amide 11 then undergoes a turnover-limiting addition of 

dihydrogen to regenerate 6. This chapter will discuss the key hydrogen transfer 

step in metal-ligand bifunctional catalysts. 

There are relatively few direct, stoichiometric studies investigating the 

Ph, H H, 
-V 

Riu 

R u r r r ^ H 

H iji 

Ph2 b g H 2 :c=o 

XH-OH 

Equation 4.1 

§ A version of this chapter has been accepted for publication. J. Am. Chem. Soc. Available 
online August 2008. 
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hydrogen transfer step in metal-ligand bifunctional catalysts. This shortage of 

direct experimental information is most likely due to the difficulties in the 

preparation and study of the catalytic intermediates. Most information on this 

step comes by extrapolation from related systems. For example, Baratta et al. 

studied the hydrogenation of benzophenone using the transfer hydrogenation 

catalyst, [Ru(H)(CNN)(dppb)] (111, HCNN = 6-(4'-methylphenyl)-2-

pyridylmethylamine, dppb = 1,4-bis(diphenylphosphino)butane).6a They 

reported that the hydride 111 reacts with benzophenone in benzene (~ 1:1, 20 

°C) to produce the corresponding Ru-diphenylmethoxide species 112, not the 

expected Ru-amide that would result from the metal-ligand bifunctional 

mechanism (Figure 4.1).6a They proposed that the alkoxide forms directly, 

rather than by an addition reaction between the corresponding amide and 

diphenylmethanol. In the proposed mechanism, the N-H moieties form 

hydrogen bond with the oxygen of the ketone to activate the carbonyl carbon 

towards nucleophilic attack by the hydride. Hydride transfer then forms an 

alkoxide anion that then migrates to the ruthenium center to form product 

alkoxide (114, Figure 4.1, top). Baratta et al., however, could not rule out the 

possibility that ruthenium-diphenylmethoxide formation occurs via dissociation 

of the NH2 functionality to create a vacant coordination cite cis to the hydride 

followed by a conventional hydride transfer step (115, Figure 4.1, bottom 

pathway).63 

The groups of Casey and Backvall have investigated the hydrogenation 

of polar bonds using Shvo's catalysts, [(2,5-Ph2-3,4-Tol2(Ti5-C4COH))Ru(CO)2H] 
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(37) and [(2,3,4,5-Ph4(Ti5-C4COH))Ru(CO)2H] (37') respectively.4,8 Deuterium 

labeling rate studies by both Casey and Backvall indicate that the reduction of 

aldehydes by 37 and 37' proceed through a pathway with simultaneous transfer 

of the hydride on ruthenium and the proton on oxygen to the carbon, and 

oxygen, of the ketone respectively. Casey et al. determined the kinetic isotope 

H2N PrT > h 

Figure 4.1: Formation of Ru-diphenylmethoxide. 

87 



effect (KIE) for the reduction of benzaldehyde by 37 (Figure 4.2).4a In a 

concerted reaction, with simultaneous transfer of both hydrogens, the product of 

D/H 

Tol 
P h / \g±2? 'T o 1 

D/HA'"C 0 

CO 
37 

o 
H^Ph 

Tol 

Cr^TS 
,Ru-„ 

<f V 
Ph 

CO 

CO 

,H/D 

+ H" -Ph 
H/D 

39 kRuHOH/RuDOD = 3.6 

^RuHOH/RuHOD = 2.2 

kRuHOH/RuDOH = 1 -5 

C<RuHOH/RuDOH)('<RuHOH/RuHOD) = 3-3 

Figure 4.3: KIE for the reduction of benzaldehyde by Shvo's catalyst, 

the individual KIE should be roughly equal to measured KIE when both the 

hydride and hydroxyl proton are replaced by deuterium. Indeed Casey et al. 

found that the product of the individual KIE was close to the measured KIE. 

Backvall et al. corroborated Casey et al.'s findings by investigating the oxidation 

of 1-(4-fluorophenyl)ethanol, i.e. the microscopic reverse of the reduction. 

Ph 

crTS 
D/Hs 

Ph 

Ru-n, 

<r\ 
Ph 
CO 

H/D 
P h ' x j d ^ P h 

D/H-CT I >Ph + 

D/H' 

39" 
CO 37' 

Ph 
-RU"'"CO 

CO 

kcHOH/CDOD = 4.61 
kcHOH/CHOD = 1 -87 
kcHOH/CDOH = 2.57 

(kcHOH/RuDOH)(kcHOH/CHOD) = 4.81 

Figure 4.2: KIE for the oxidation of 1-(4-fluorophenyl)ethanol. 

Backvall et al. found that the product of the individual KIE was close to the 

measured KIE (Figure 4.3)8a. Although Casey and Backvall agree that Shvo's 

catalyst reduces aldehydes by a simultaneous transfer of a hydride on 
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ruthenium and a protic hydrogen on oxygen to the substrate, they disagree on 

the mechanism of the hydrogen transfer step. Backvall contends that there is 

initial coordination of the ketone through the oxygen concurrent with T\5 to r|3 

ring slippage of the hydroxycyclopentadienyl ligand to allow for coordination of 

the ketone to ruthenium (Scheme 4.1). Ketone coordination is then followed by 

simultaneous transfer of the hydride and hydroxyl proton to the carbon and 

oxygen atoms of the ketone, respectively. Casey et al. propose that 

hydrogenation occurs via the metal-ligand bifunctional mechanism (Scheme 

4.2). 

Casey and Backvall have also studied the hydrogenation of imines using 

Shvo's catalyst to further investigate the mechanism of hydrogenation.4a"c,f,8c"d 

Interestingly, both observed that a ruthenium-amine species formed as the 

product at low temperatures.4b,8c Decomplexation of the amine occurs once the 

temperature is raised to give the product amine and regenerate the catalyst. 

Backvall et al. proposed that the ruthenium-amine species results from an 

inner-sphere mechanism via an initial r|5 to r|3 ring slippage of the 

hydroxycyclopentadienyl ligand followed by coordination of the imine through 

the nitrogen. Subsequent hydrogen transfer would result in the amine 

coordinated to the ruthenium (116). Casey et al. contend that hydrogenation 

occurs via the metal-ligand bifunctional mechanism. The product amine remains 

hydrogen bonded to the oxygen on the cyclopentadienone ligand before 

coordinating to ruthenium to give the observed ruthenium-amine species (117). 
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Scheme 4.1: Backvall ef a/.'s proposed mechanism for imine and ketone 
reduction. 
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HO^|Nph J = ^ 
H / R l ^ ' " C O 

CO 

37 

Tol 
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Ri^R 2 CO 
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X = NR3 
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Nu x \ CO 

CO 

Scheme 4.2: Casey ef a/.'s proposed mechanism for imine and ketone 
reduction. 
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Intra- and intermolecular trapping experiments were investigated to 

distinguish between the proposed inner- and outer-sphere mechanisms.4b'd,f,8c 

The outer-sphere mechanism predicts that the unsaturated intermediate could 

be trapped by added amine. The inner-sphere mechanism, however, should not 

result in trapping products. Casey et al. observed that the reduction of imines by 

Shvo's catalyst in the presence of added amine (H2N-Ph) led only to the 

ruthenium-amine complex that would be derived from the reduced imine (118, 

Equation 4.2).4d This result suggests that hydrogenation occurs via the inner-

sphere mechanism. The observed ruthenium-amine complex may also, 

however, be explained by the formation of the hydrogen bonded intermediate 

within a solvent cage that collapses to the ruthenium-amine complex faster than 

the amine can break its hydrogen bond to the cyclopentadienone carbonyl, 

Tol Tol 
P h /y±^- , T o 1 M-Ph Ph/.^s^yTol 

HO*T\h p A P^TS* 
rA"'C0 ^=PT VRV'CO 

CO toluene-of8
 Pr> I CO 

37 _ 6 f J o C
 2 N

P h
 1 1 8 

Equation 4.2 

escape the solvent cage, and then be trapped by the added amine. For 

example, hydrogenation of the imine forms an amine that is hydrogen bonded 

to the cyclopentadienone oxygen (Scheme 4.3, Step A). This hydrogen bonded 

species can either collapse to form a ruthenium-amine species (Scheme 4.3, 

Step B), or the hydrogen bond can break to form free amine and a 

coordinatively unsaturated ruthenium species (Scheme 4.3, Step C). If the 
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amine added to trap the coordinatively unsaturated ruthenium species cannot 

penetrate the solvent cage before the reformation of the hydrogen bond 

(Scheme 4.3, reverse of Step C), then the only Ruthenium-amine species 

observed would be derived from the hydrogenated imine. Alternatively, if the 

formation of the ruthenium-amine species is very much faster than hydrogen 

bond breaking, then the same result would be observed (Scheme 4.3, Step B 

much faster than Step C). These results would suggest that the hydrogenation 

proceeds via inner-sphere mechanism. Casey et al. therefore performed 

intramolecular trapping experiments to distinguish between these mechanistic 

interpretations. They 
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-50% -50% 
Tol ^v^NH 2 Tol Tol 

H ^ R U . „ C 0 . r ^ ^ ^ N v ' " 0 0 +
 H ^ N - R U V " C 0 

CO toluene-c/8 H N - U l CO M I CO 
37 -60 "C warmed l H2K f j 

to-20°C 119 I 120 

Equation 4.3 

found that reduction of the imine H2N-p-C6H4N=CHPh at temperatures below -

20 °C in toluene resulted in a 1:1 mixture of the ruthenium-amine complexes 

(119 and 120, Equation 4.3).4d This result is consistent with an outer-sphere 

reduction followed by competitive coordination of the newly formed and 

preexisting amines. The 1:1 mixture indicates that the breaking of the hydrogen 

bond is faster than the rate of amine complexation (Figure 4.4, top reaction). 

Backvall et a/., however, observed that intramolecular trapping experiments 

using the imine 1,4-NH(CH2Ph)(c-C6Hio)=NPh resulted in only the 

ruthenium-amine complex 121 derived from the newly formed amine 
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(Equation 4.4).8c Backvall suggested that Casey et al.'s intramolecular trapping 

experiments resulted from ruthenium migration from one nitrogen to the other in 

a r)5-cyclopentadienone complex. Casey et al. maintains that the reduction 

proceeds via the outer-sphere mechanism, and that the discrepancies in 

trapping experiments are a result of the relative ability of the amine to hydrogen 

bond to the cyclopentadienone carbonyl. Specifically, benzyl amines will form a 

stronger hydrogen bond to the cyclopentadienone carbonyl than alkyl amines. 

This strong hydrogen bonding prevents the formation of trapping products, 

which gives the impression of an inner-sphere mechanism (Figure 4.4, bottom 

reaction). To investigate this possibility Casey et al. performed intramolecular 

Ph Ph 
P h . ^ ^ P h 

HCr I NPh Ph^NH f Ju„ Z 
,KU- . „ r n *. __ ^ u / v 1>U 

H \ CD2CI2
 P h | v

c 

3r c o -80°c r i "121 

Equation 4.4 
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trapping experiments using the pseudo-symmetric imine 1,4-(PhCH2)N=(c-

C6H-io)15NH(CH2Ph).4f This imine should result in a symmetrical diamine upon 

reduction (Figure 4.5), and therefore does not have a thermodynamic 

preference for amine complexation, i.e. the strength of the hydrogen bond 

formed between the amines and the cyclopentadienone carbonyl should be the 

HN Ph 

PhJ^NH PhJjNH 

Figure 4.5: Pseudo-symmetric imine and the symmetrical diamine produced 
upon hydrogenation used in intramolecular trapping experiments. 

same. Casey et al. found that the reduction of 1,4-(PhCH2)N=(c-

C6H10)
15NH(CH2Ph) at -45 °C in toluene forms a mixture of the Ru-N:Ru15N 

amine complexes. 15N NMR showed that there was an 85:15 mixture of the 

Ru-N:Ru15N amine complexes, respectively (122 and 123, Equation 4.5).4f The 

product ratios did not change when the temperature was raised to 24 °C, and 

only isomerized to a 50:50 mixture when heated at 50 °C for 4 hours. Casey 
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-85% -15% 
Tol s \ Tol Tol 

Ph/.^=^.>Tol f I Ph/.cs5^,.>Tol Ph/.^^p-,..Tol 

H 0 J 'Ph Ph^NH P h , a ••• w n' • 
RY'""CO ^ ^ H ^ M / R V " " C O

 + H N I5K,/R UV""CO 

37 -45 °C warmed H 2 sph 122 L J 123 

Ph / ° | Ph 

CO toluene-</8
 1 5 f T ^ H <L CO h ^ X CO 

°C warmed H 2 sph 122 L . 
t0 ° °C Plv J l 

Equation 4.5 

therefore suggests that kinetic products are obtained and that the discrepancies 

in the intramolecular trapping experiments are a result of the relative rates of 

amine complexation and hydrogen bond breaking. In order for trapping products 

to form there must be decomplexation of the amine, breaking of the hydrogen 

bond, and finally coordination of the trapping amine. If the hydrogen bond 

breaks faster than recoordination of the amine, then a 50:50 mixture of 

Ru-amine complexes is expected (Figure 4.6, step C much faster than step B). 

If the rate of recomplexation is very much faster than the rate of hydrogen bond 

breaking, then the Ru-amine complex resulting from reduction of the imine 

should be the only product observed (Figure 4.6, step B much faster than step 

C). If the rate of recomplexation is only moderately faster than the rate of 

hydrogen bond breaking, then product ratios in between 50:50 and 100:0 are 

expected (Figure 4.6, step B ~ equal to step C). Casey et al. therefore suggest 

that Backvall's intramolecular trapping results are due to the formation of strong 

hydrogen bonds, and not due to the inner-sphere mechanism. It is also 

possible, however, that hydrogen transfer is proceeding through both the inner-
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Figure 4.6: Potential trapping products and their expected ratios, 

and outer-sphere pathways. The inner-sphere pathway would not result in 

trapping products, while the outer-sphere pathway will have trapping products 

as described above. The amount of trapping products would then depend on 

the relative rates of the inner- and outer-sphere hydrogen transfer steps. 

Therefore Casey et a/.'s observation of 15% trapping products in toluene (7% in 

CH2CI2) does not definitively prove an exclusively outer-sphere hydrogenation 

mechanism. 

To the best of my knowledge, there are no low temperature studies 

investigating the stoichiometric reduction of ketones using 

Ru(diphosphine)H2(diamine) catalysts. Morris et al. reported that either trans-

[Ru((/?;-BINAP)(H)2(tmen)] (99) or frans-[Ru(PPh3)2(H)2(tmen)] (96) reacts at 

room temperature in the absence of hydrogen in benzene with one equiv of 

acetophenone to form the corresponding amides (101 and 102, respectively) 
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and 1-phenylethanol (Figure 4.7). D Further, Morris et al. propose that the 1-

phenylethanol weakly and reversibly binds to the amide species, which causes 

a broadening of the amido NMR signals. Morris et al. also reported that the 

addition of excess acetophenone to 99 at room temperature resulted in 1-

phenylethanol and an equilibrium mixture of amide and the enolate complex 

[Ru((R)-BINAP)(H)(OC(Ph)=CH2)(tmen)] (104).3b Morris et al. found that the 

equilibrium favoured the enolate complex upon the addition of more 

acetophenone. The only methods used to study these equilibria, however, were 

31P and hydride 1H NMR, without complete spectroscopic characterization of 

amide-alcohol and amide-ketone adducts. 
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Figure 4.7: Reduction of acetophenone by model compounds in the absence of 
hydrogen at room temperature. 

Theoretical studies provide insight into mechanisms that cannot be 

studied experimentally due to the short lifetime of reactive intermediates.36,6,5,9 

Noyori et al. used theoretical studies to investigate the hydrogenation of 

ketones using the transfer hydrogenation catalyst [Ru(H)(r|6-mesitylene)((S,S)-

Ts-dpen)] (67, (S.S)-Ts-dpen = (1S,2S)-N-(p-toluenesulfony1)-1,2-

diphenylethylenediamine).9a In this study, benzene and either ethylenediamine 

or ethanolamine were used as ligands to model the reduction of formaldehyde 

to methanol. In the proposed mechanism, the ketone hydrogen bonds to N-H of 

the amine ligand, which activates the carbonyl carbon towards nucleophilic 
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attack (Figure 4.8). Hydrogen transfer then proceeds through the metal-ligand 

bifunctional mechanism to form the ruthenium-amide species hydrogen bonded 

via the amide nitrogen to the newly formed methanol. This species then reacts 

to form a ruthenium-methoxide species. Noyori et al. found that the ruthenium-

methoxide compound was the most stable and should therefore be the catalyst 

resting state.93 

In recent theoretical studies using a similar simplified model, Meijer et al. 

found that the metal-ligand bifunctional mechanism is preferred over migratory 

insertion of the ketone into the Ru-hydride bond, i.e an inner-sphere 

mechanism.913 The proposed transition state for hydride transfer, however, does 

not include a hydrogen bond between the ketone oxygen and the amine N-H's. 

This hydrogen bonding would activate the carbonyl carbon towards nucleophilic 

attack and lower the activation barrier for hydride transfer. As such, the 

activation barrier for migratory insertion is likely lower than originally calculated. 

Meijer et al. similarly found that the most stable compound is the 

ruthenium-methoxide species.913 

H-RU^"NH2+ j> H ^ ' " N H 2 ^ RU-„NH2 _ _ H A".NH2 

H - V / H H K H-V/ "" H u >N > H+-CT V S 
H H H H ft n ft 

Figure 4.8: Noyori etal.'s proposed mechanism for Ru-methoxide formation. 
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The Noyori and Meijer modeling studies are conducted in the gas phase, 

and do not take into account the effect of solvent molecules. Meijer et al. 

recently reported more realistic modeling studies incorporating the effect that 

MeOH solvent molecules have on the reaction mechanism.90 They reported that 

hydrogen transfer may proceed through an indirect metal-ligand bifunctional 

mechanism. In the presence of methanol solvent, the hydride is transfered to 

the formaldehyde to form a methoxide product that is strongly hydrogen bonded 

with the solvent (Figure 4.9). This methanol solvent molecule also hydrogen-

bonded to the ligand N-H. There is then simultaneous shortening of the newly 

formed C-H bond, and proton transfer from the solvent to the methoxide oxygen 

to convert the solvent molecule into a new methoxide anion and the substrate 

into methanol.90 There is then a series of proton transfers between the 

I 
/Ru^"'Q I 

"V 

v"""0 

H'- 'VH 

/ 
H 

Ru. 
\ 

mif 

HT 1 
Ru""ni/~v 

Figure 4.9: Meijer et a/.'s proposed solvent assisted mechanism. 
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methoxide and the solvent to result in the eventual deprotonation of the ligand 

N-H group to form the Ru-amide complex and methanol. 

Morris et al. recently reported theoretical studies on the model amido 

system [Ru(H)(PH3)2(2-NHCH2-(C5H4N))] (124) in the presence of 2-PrOH 

solvent.36 They found that 2-PrOH assists the heterolytic cleavage of H2 to form 

frans,c/s-[Ru(H)2(PH3)2(2-NH2CH2-(C5H4N))] (125). Further, they found that 

ketone hydrogenation under these conditions may proceed through two 

pathways. One pathway is similar to the metal-ligand bifunctional mechanism. 

In this pathway, the ketone oxygen hydrogen bonds to the amine N-H which 

activates the carbonyl carbon towards nucleophilic attack. The ketone oxygen 

also hydrogen bonds to the hydroxyl proton of a 2-PrOH solvent molecule. The 

proton on nitrogen and the hydride on ruthenium then transfer simultaneously to 

the oxygen and carbon of the ketone, respectively, to form Ru-amide compound 

and the product alcohol that is hydrogen bonded to a 2-PrOH solvent molecule 

(Figure 4.10, top).3e In the alternate pathway, 2-PrOH solvent hydrogen bonds 

simultaneously to the amine N-H and the oxygen of the ketone, acting as a 

proton shuttle. The hydride on ruthenium transfers to the carbonyl carbon, 

without protonation of the ketone oxygen by the amine N-H (Figure 4.10, 

bottom). Morris et al. expected that the hydride on ruthenium would transfer to 

the carbonyl carbon concomitant with proton transfer through 2-PrOH-amine the 

hydrogen bonding network. The product would be alcohol and amide with a 

hydrogen bond between the amide nitrogen and the 2-PrOH solvent. They 

reported, however, that all attempts to optimize this structure failed. Instead, 
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Figure 4.10: Morris et a/.'s proposed alcohol assisted mechanisms, 

calculations indicated that a ruthenium-alkoxide species formed, with both the 

alkoxide oxygen and the amine N-H hydrogen bonding to a 2-PrOH solvent 

molecule.36 Further, calculations indicated that this Ru-alkoxide compound is 

the most stable species in solution. 

Theoretical studies on the Ru(diphosphine)(H)2(diamine) catalyst system 

have mostly focused on the proposed bifunctional addition. Morris ef al. used 

the model system frans-Ru(PPh3)2(H)2(ethylendiamine) (126) for the 

hydrogenation of acetone to study the mechanism theoretically.36 Figure 4.11 

summarizes the proposed mechanism. The mechanism begins with the 
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formation of the 6-membered pericyclic transition state for the bifunctional 

addition (127). Complete hydrogen transfer would result in the amide species 

and 2-PrOH. Morris et a/.'s theoretical studies show that the most stable 

product is the amide, stabilized by hydrogen bonding between the amide N and 

the hydroxyl proton of the product alcohol (128).3b The regeneration of the 

dihydride catalyst involves heterolytic cleavage of H2 by the amide. It is 

proposed that this reaction is the turnover limiting step in the reaction. Morris et 

al. found that the transition state energy for H2 cleavage (129) is a high barrier 

process (13.4 kcal/mol higher than amide + H2) and agrees with the hypothesis 

that the turnover limiting step is the regeneration of the dihydride catalyst. The 

calculated activation energy, 13.4 kcal/mol, is higher, however, than the 

experimentally determined value of -8 kcal/mol determined by kinetic 

experiments. Morris et al. attributed this difference to inaccuracies of the 

computational method such as neglecting solvent effects and using a small 

model system rather than the real compounds.313 Brandt et al. reported that the 
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Figure 4.11: Morris etal.'s theoretical study on the metal-ligand bifunctional 
mechanism. 
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transition state for H2 cleavage is ~ 18kcal/mol higher than amide +H2.
5 They 

note, however, that alcohol can mediate the H2 cleavage, lowering the energy to 

-5.3 kcal/mol (Figure 4.12). Specifically, the hydroxyl proton of methanol forms 

a hydrogen bond to the amide nitrogen (130). Upon H2 coordination, the amide 

deprotonates the methanol to form a methoxide that is hydrogen bonded to both 

the N-H and the dihydrogen ligand (131). The methoxide then deprotonates the 

H Me-O-y H p- ij M H & T H 

+ MeOH + H, 1 3 0 + H, 1 3 1 1 3 2 

Okca lL l -2.4 kcal/mol -3.4 kcal/mol 1.9 kcal/mol -9.8 kcal/mol 

Figure 4.12: Brandt et a/.'s theoretical energies in the alcohol-assisted 
heterolytic cleavage of hfe. 

r|2-H2 ligand to give the dihydride that is stabilized by hydrogen bonding to 

methanol (132).5 Di Tommaso et al. have recently used different density 

functionals to investigate the metal-ligand bifunctional hydrogenation step and 

the heterolytic cleavage of H2 by the amide to form the dihydride catalyst.9d,f 

They reported similar energy barriers (~ 4 kcal/mol) to Morris et al. for the 

hydrogen transfer step. Heterolytic cleavage of H2 to regenerate the dihydride 

catalyst has a calculated activation barrier of ~9 kcal/mol, which is in closer 

agreement to Morris et a/.'s experimentally determined value (vide supra). 

This brief literature review shows that although a great deal of study has 

been carried out with model compounds and calculations, the steps have never 

been directly observed with the proposed catalytic intermediates as reactants. 

109 



Chapter 3 discussed high yielding, low temperature preparations with full NMR 

characterizations of the putative intermediates in the metal-ligand bifunctional 

mechanism.713 An unexpected pathway whereby base increases the rate of 

hydrogenation was also identified. This chapter will discuss the direct study of 

H2 addition to acetophenone using 6 as a catalyst in the metal-ligand 

bifunctional mechansim. 

•"'Ph THF-cfe -80 °C 

p. 2.5 equiv f-BuOK 

Ph2 H H2 
p"«„ I %,.»N—, 'Ph 

Ph2 n H 2
 P h 

6 

+ -1.5 equiv f-BuOK 

Equation 4.6 

Results and Discussion 

Unless stated otherwise, the dihydride 6 was prepared for this study in THF-cfe 

by reacting the dihydrogen complex frans-[Ru((R)-BINAP)(H)(n2-H2)((R,f?)-

dpen)](BF4) (1) with f-BuOK (-2.5 equiv) under H2 (-2 atm) at -80 °C.10 As in 

Chapter 2, this reaction yields the dihydride in good yield in the presence of 

-1.5 equiv of f-BuOK (Equation 4.6).10 If water is present in solution, either from 

residual water in the THF-cfe even after distillation or introduced during the 

preparation of the compounds, then a ruthenium-hydroxide compound trans-

Ru((R)-BINAP)(H)(OH)((R,R)-dpen) (10) is formed. I found that the 

ruthenium-hydroxide compound does not react with hydrogen unless there is 

excess base present. The use of 2-PrOH-ofe as solvent was avoided because of 

rapid and quantitative formation of the 2-propoxide frans-Ru((f?)-BINAP)(H)(2-

PrO)((R,f?)-dpen) (7).7b The addition of 1 equiv of acetophenone to 6 was 

carried out at -80 °C under -2 atm H2, and monitored by NMR spectroscopy. 
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The addition was complete within 60 s (first spectrum), demonstrating the high 

activity of 6 as a reducing agent. Contrary to previous mechanistic propositions, 

the addition did not form the expected amide 11 and 1-phenylethanol.3b Instead, 

Ph2 O H2 - 40 °C f Y ^ 1 Ph2 tf H2 OH 
p"":, I „,.*N—,...'«Ph ~2 atm H2 

"Ru; J'̂ . JL 

Ph2 
•P'o 

p ^ 
Ph2 

H 
| 

:RU. 
1 
H 
6 

H2 
*N-

*""*N-
H2 ph2 H H2 "Ph r TI T - E : j , a: -ph 

14 

Equation 4.7 

the product is the 1-phenylethoxide 14, the net result of ketone-hydride insertion 

(Equation 4.7). The alkoxide 14 was too unstable to allow a solid-state structure 

determination by X-ray diffraction. Compound 14 underwent alkoxide 

elimination in the presence of 1.5 equiv of excess base at elevated 

temperatures (~ -40 °C) to give 1-phenylethanol and the dihydride 6 without any 

indication of the formation of the amide 11 (Equation 4.7). This result confirms 

that the reaction between H2 and amide in solution is fast under these 

conditions. The phenylethoxide 14 was stable, however, in solution at -80°C 
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under ~2 atm H2. Compound 14 could thereby be identified using 1H, 13C, 31P, 

HSQC, NOE, and COSY NMR experiments, as well as ESI-mass spectrometry. 

Noyori et al. found that irradiating the Ru-H will have a large NOE on the N-HaXiai 

in compounds containing the Ru-H/N-HaXiai motif.11 I found similar results for the 

putative intermediates discussed in Chapter 3.7b Compound 14 also exhibits 

this large NOE on the a-C-N-HaXiai 1H NMR signal upon irradiation of the Ru-H 

resonance. Further, the a-C-N-HaXiai 1H NMR signal is shifted upfield in 

comparison to the other ligand N-H resonances. Morris et al. observed a similar 

upfield shift for the model dihydride 99.3a This provided a useful starting point 

Figure 4.13:1H NMR assignments for 1-phenylethoxide 14. 

for the full characterization of 14. COSY and HSQC NMR experiments could 

therefore be used to assign the dpen and 1-phenylethoxide 1H (Figure 4.13) 

and 13C NMR signals. COSY NMR experiments indicated that the a-C-N-HaXiai 

was coupled to protons at 4.6 and 4.3 ppm. These signals can be assigned to 

either the a-C-N-Hequatoriai or the a-C-H protons. HSQC NMR experiments, 

however, showed that the signal at 4.3 can be assigned to the a-C-H proton. 
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The signal at 4.6 ppm can, therefore, be assigned to the a-C-N-HeqUatoriai proton. 

Additionally, COSY showed that the a-C-H proton is coupled to a proton at 4.0 

ppm, which in turn is coupled to protons at 4.4 and 3.3 ppm. HSQC showed that 

the signal at 4.0 ppm can be assigned to the p-C-H proton. The signals at 4.4 

and 3.3 ppm can, therefore, be assigned to either the p-C-N-HaXiai or p-

C-N-HeqUatoriai protons. Additional NOE experiments determined which of the p-

C-N-H's were axial and equatorial (Figure 4.14). The p-C-N-H 1H NMR 

resonance at 4.4 ppm overlapped with the a-C-H signal at 4.3 ppm and 

therefore could not be irradiated to observe NOE's without observing NOE's 

associated with the a-C-H proton. The p-C-N-H resonance at 3.3 ppm is, 

however, far removed from other signals and could be used in NOE 

experiments. There was a NOE interaction between the p-C-N-H resonance at 

Figure 4.14: Observed NOE intereactions in the 1-phenylethoxide 14. 
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3.3 ppm and the a-C-H signal at 4.3 ppm. The p-C-N-H resonance at 3.3 ppm 

and the a-C-H signal at 4.3 ppm would only be close enough to each other to 

observe NOE's if the dpen ligand is in the X orientation, and the p-C-N-H was in 

the axial position. The signals at 4.4, and 3.3, could therefore be assigned to 

the P-C-N-Hequatoriai, and p-C-N-HaXiai, respectively. There were also weak NOE's 

between the O-C-H and 0-C-CH3 protons of the 1-phenylelthoxide ligand and 

some of the dpen protons. Additionally, the p-C-N-HaXiai, the O-C-H, and 

O-C-CH3 protons all had a NOE interaction with a common aromatic proton. 

These NOEs would only occur if the 1-phenylelthoxide were coordinated to Ru. 

Morris et al. reported preliminary hydride 1H and 31P NMR data for the 

proposed model product /rans-[Ru((R)-BINAP)(H)(PhCH(CH3)0)(tmen)] (110) 

prepared from the addition of 90 % (S)-l-phenylethanol to the dihydride trans-

[Ru((R)-BINAP)(H)2(tmen)] (99).3b Approximately 30 % of the dihydride was 

converted to the alkoxide under these conditions (Figure 4.15). Additionally, 

based on the hydride signal in the 1H NMR, two diastereomers of the alkoxide 

were present in a 9:1 ratio. The ee of the catalytic hydrogenation of 

acetophenone using 1 plus base in 2-PrOH is ~ 80%. The expected ratio of the 

two diastereomers for the stoichiometric addition of acetophenone to the 

dihydride 6 should therefore be ~ 9:1. In my case, using the actual catalytic 

intermediates, I found that when the alkoxide was prepared by the addition of 

acetophenone to the dihydride 6, only one set of NMR signals was obtained. A 

comparison of the 1H NMR spectra shows that the hydride chemical shift of 14 

is downfield by ~ 0.6 ppm with respect to Morris' model compound 110 (-16.4 
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Figure 4.15: Morris et a/.'s preparation of the model 1-phenylethoxide. 

versus -17.0 ppm). There is, however, excess 1-phenylethanol in solution with 

110. When excess 1-phenylethanol is added to 14, the hydride signal shifts 

upfield from approximately -16.4 to -16.7 ppm. Thus there are some 

discrepancies between Morris' model alkoxide and the actual alkoxide prepared 

in this study. The 31P chemical shifts for the major diastereomer of the model 

compound 110 (67.8, 73.8 ppm) were nearly identical to those of 14 (68.44, 

73.68 ppm).3b Morris et a/.'s preliminary characterization of the model alkoxide 

does not contain 1H or 13C NMR data for the tmen and phenylethoxide ligands, 

therefore no comparisons between the actual and model product alkoxides 

could not be made. 

The assignments of the alkoxy- and methyl-13C signals in the 1-

phenylethoxide ligand were confirmed using acetophenone labeled with 13C at 

C1 and C2. I found that the alkoxy- and methyl-13C signals of the 

phenylethoxide ligand were broad in comparison to free alcohol and to the 
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carbonyl- and methyl-13C of the ketone. The typical 3JP-C coupling constant for 

these types of compounds is - 4 Hz. Although this 3Jp.c coupling could not be 

measured, the alkoxy-13C signals sharpened slightly when phosphorus 

decoupled experiments were performed. This is further proof that the 1-

phenylethoxide is coordinated to the ruthenium. 

Morris et al. proposed that reacting 1-phenylethanol with the model 

amide Ru(PPh3)2(H)(NH(C(CH3)2)2NH2) (102) results in a 1:1 equilibrium 

mixture between free alcohol/amide, and the alkoxide species through an 

unobserved amide-alcohol adduct (Figure 4.16).3b I found that the 1-

phenylethoxide 14 can be prepared independently by reacting 11 with 1-

phenylethanol at -80°C in THF. Unlike the results proposed by Morris, the 

product 14 formed on mixing, and it was identical to that from the addition of 

acetophenone to the dihydride 6. I found no evidence for the presence of 

H H2 Me M H2 Me 
Ph3B/„, { sM-~4^Me Benzene Ph3P" | ^N—|-»Me 

ph3p- i r S t e ?H PhsP J, ?H !> 
102 H Me , T V ^ . lH M e 

excess 

M H2 Me 
Ph3P/ | ^N—-p*Me 

PhsP k B^Me 
O H2 Me 

Figure 4.16: Reaction of a model amide with 1-phenylethanol. 
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unreacted amide. Although its origins were not investigated further, this 

difference in activity and reactivity underscores how seemingly minor changes 

in structure can cause significant changes in the activity of catalytic 

intermediates, and that caution is warranted when extrapolating the results from 

model compounds to catalytic cycles. As I reported previously for 7 (see 

chapter 3), the -1.5 equiv of excess f-BuOK formed weak hydrogen bonds with 

the N-H groups in 14. When prepared without excess f-BuOK, the dihydride 6 

reacted quickly at -80°C with acetophenone to form 14 without these hydrogen 

bonds. As is the case with the 2-propoxide, some of the 1-phenylethoxide N-H 

1H NMR signals shift in the absence of base. The most significant shift is 

observed for p-C-N-HaXiai proton (~ 0.3 ppm downfield shift). The shift is most 

likely due to the N-H hydrogen bonding to the oxygen of the 1-phenylethoxide 

ligand rather than to the added base. Additionally, the 1H NMR for the alkoxide 

C-H is slightly shifted downfield in the absence of base. 

The net result of the addition of acetophenone to the dihydride is the 1-

phenylethoxide 14. This can arise from three different reactivity pathways. The 

addition step may proceed by the metal-ligand bifunctional mechanism to yield 

Figure 4.17: Intra- and intermolecular hydrogen bonding of the 1-
phenylethoxide 14. 
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the amide 11 plus product alcohol (Figure 4.18, pathway A). I showed that 

subsequent reaction between the amide and free alcohol would yield the 

observed alkoxide. A related possibility is that the addition step proceeds to 

form the amide but with the product alcohol hydrogen bonded to the amide 

nitrogen (133). The amide-alcohol adduct then converts into the alkoxide 14 

without the formation of distinct amide and alcohol species (Figure 4.18, 

pathway B). A third possibility involves an addition step in which the carbonyl 

oxygen is hydrogen bonded to amine N-H, activating it towards nucleophilic 

attack. Alkoxide formation occurs via a concerted process in which the hydride 

is transferred to the carbon with simultaneous formation of a ruthenium-oxygen 

bond without the transfer of the N-H to the oxygen (134, Figure 4.18, pathway 

C). This process would remove electron density from Ru through the hydride to 

the carbonyl carbon. This loss of electron density may allow access to the Ru 

center by the ketone to undergo hydride insertion to form 14, perhaps with 

hydrogen bonding between the alkoxide ligand and the adjacent, axial N-H 

group (vide supra). 

To investigate these possibilites, H2 and alcohol were used as trapping 

agents. Specifically, the amide 11 reacts rapidly with alcohols or hydrogen in 

solution to form alkoxide or dihydride respectively (Chapter 3). 7b Therefore, if 

the alkoxide 14 formed after the bifunctional addition via the rapid reaction 
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between 1-phenylethanol and the amide 11 (Scheme 4.4) then the presence of 

H2 or another alcohol will act as a trapping agent. If this is the case, then either 

the dihydride or the alkoxide produced from the reaction between amide and 

the trapping alcohol should be present along with the product alkoxide 14. 

Excess H2 (~2 atm) is present during the addition of acetophenone to 6. The 

only species observed in solution, however, was the alkoxide 14 indicating that 

if the amide formed, H2 did not serve as a trapping agent. As the excess H2 did 

not trap the amide 11,1 also carried out the addition in the presence of 2-PrOH 

as trap. 2-PrOH is the typical solvent used in these hydrogenations, and 

2-PrOH 

Scheme 4.4: Proposed trapping experiments for the interception of the amide. 
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therefore its use of a trap is relevant to the mechanism. A difficulty with this 

experiment is the rapid, base-enhanced exchange between the 1-

phenylethoxide 14 and 2-PrOH in solution (Equation 4.9). For example, 14 

reacts with 10 equiv 2-PrOH to rapidly form the 2-propoxide 7 at -80°C in THF-

d8. Such exchanges likely proceed via a base-assisted intramolecular 

elimination of the 1-phenyethoxide ligand, followed by addition of 2-PrOH to 11 

(see Chapter 3).7b This complication was accommodated by preparing frozen 

THF layers that contained 6 in the lower layer, and a mixture of acetophenone, 

2 equiv and 2-PrOH, -150 equiv, in the upper layer. The sample was placed in 

a -80 °C NMR probe, and spectra were recorded when the layers thawed. The 

addition was complete within 60s, with the 1-phenylethoxide 14 as the sole 

product.1 H NMR indicated that ~ 5 equiv 2-PrOH had diffused into the product 

layer during this time. A -80 °C reaction between a pre-formed mixture of the 

dihydride 6 and 2-PrOH (5 equiv) in THF-afe with acetophenone (1 equiv) also 

gave the 1-phenylethoxide 14 as sole product (Equation 4.10).12 It is possible 

that the amide simply reacts faster with 1-phenylethanol than with 2-PrOH. In a 

competition experiment, the amide 11 was prepared in THF-cfe and reacted with 

a mixture of 2-PrOH, 5 equiv, and 1-phenylethanol, 1 equiv, at -80 °C. The 
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result was a mixture of the alkoxides 7 and 14 in a -1:1 ratio (Equation 4.11). 

Thus a kinetic preference exists for the reaction of 2 with 1-phenylethanol over 

2-PrOH, but this preference is insufficient to account for the exclusive formation 

of 14 by the addition of acetophenone to 6. I therefore conclude that this 

addition does not proceed with the formation of amide and alcohol as distinct 

species in solution. 

The enantioselectivity of the addition reaction was investigated by 

reacting the dihydride 6 with 1 equiv acetophenone in THF at -80 °C, followed 

by addition of excess 2-PrOH. The 2-PrOH was added to liberate the 1-

phenylethanol product via the displacement reaction shown in Equation 4.8. 

This procedure was adopted because 14 could not be isolated for structure 

determination, and NMR spectroscopy did not allow us to determine the ratio of 

diastereomers. The ee of the liberated 1-phenylethanol was 83% (S). Thus, the 

absolute configuration of the 1-phenylethoxide ligand in the major diastereomer 

of 14 is S, and the minor diastereomer of 14 was present in -8.5 % abundance. 

The initial ee of the catalytic hydrogenation in THF, recorded after 6 

turnovers, was 69 % (S) (1000 equiv ketone, 2.5 equiv f-BuOK, 30 °C, 4 atm 

H2). The ee of the hydrogenation in 2-PrOH was -80% (S). Thus, the intrinsic 

Equation 4.8 
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enantioselectivity of the catalytic hydrogenation in THF is less than it is in 2-

PrOH. Further, the ee of the catalytic hydrogenation in THF decreased to 59 % 

Equation 4.9 

(S) after 94 turnovers. To investigate whether the addition reaction is reversible 

in THF, 10 equiv of the minor product enantiomer, (f?)-CH3(Ph)CHOH (ee ~ 

99%), was reacted with the dihydride catalyst 6 in THF at 30°C under ~2 atm H2 

in the presence of -1.5 equiv f-BuOK, conditions similar to those used for the 

catalytic hydrogenation. The ee was 35 % (R) after 5 min, 10 % (R) after 10 

min, the alcohol was racemized after 15 min, and it was still racemic after 30 

min. The racemization was somewhat faster with the amide 11 in the absence 

of H2. I showed previously that addition reaction of H2 to the amide 11 to form 

the dihydride 6 is reversible, it proceeds via elimination of the Ru-H and N-H 

hydrogen atoms in 6, and the reaction strongly favors 6 in THF (Scheme 4.5, 

top).7b Isotope exchange studies with D2 also showed that the reversible 

addition proceeds via exchange between D2 and the Ru-H and N-HaXiai at -

80°C.7b Morris has also reported that the addition reaction of H2 to trans-

[Ru((R)-BINAP)(H)2(tmen)] is reversible and that this compound also reacts with 

excess 1-phenylethanol to generate trans-[Ru((R)-

BINAP)(H)((Ph)(Me)CHO)(tmen)].3b I thereby propose that the racemization of 
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CH3(Ph)CHOH occurs by the sequence shown in Scheme 4.5. Specifically, loss 

of H2 from 6 to form 11, followed by rapid reaction with (R)-CH3(Ph)CHOH to 

form the alkoxide 14 and then a net p-hydride elimination to from 6 and 

acetophenone. The net p-hydride elimination is the reverse of the addition 

reaction (Equation 4.10). As discussed below, all of these steps are rapid in the 

reverse direction in the presence of base. The sequence in Scheme 4.5 thereby 

provides a kinetically competent route for the racemization with the net |3-

hydride elimination being the slow step in the process. 

Ph2 H 

a, ' 
H2 

i, M Pn H 

+ 5 equiv 2-PrOH + 
1 equiv (R)-1-
phenylethanol 

Ph2 hi H2 
p'"<„ I ,„»xN—,..."»Ph 

^ ' R u ' C I -50% 

Ph2 O H2 
»Ph 

H, Ph2 H 
| lXX\|N—-,.'»"rn P//# | xvN—,...'«Ph 

50% 
p • u 

Ph2 O H2 

*Ph 

Equation 4.10 

The sequence of steps in Scheme 4.5 predicts that a large excess of 2-

PrOH would inhibit the racemization reaction by intercepting the amide 11 

before it reacts with (f?)-CH3(Ph)CHOH. Indeed, carrying out the reaction 

between 10 equiv of (f?)-CH3(Ph)CHOH and 6 in a 1:1 mixture of THF and 2-

PrOH at 30°C dramatically slowed the rate of racemization. The ee dropped to 
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84% (R) after 10 min, but remained at this value for several hours afterwards. 

The initial drop in ee likely resulted from racemization occurred before complete 

mixing of the THF and 2-PrOH, or perhaps from local warming by the heat of 

mixing. These experiments show that one role of 2-PrOH during catalytic 

hydrogenations carried out in 2-PrOH is to inhibit racemization of the alcohol 

product by intercepting the amide 11 to form the 2-propoxide 7, thereby 

preventing reaction between the product 1-phenylethanol and 11. 

Ph2 tf H2 Ph2 H 

C>K), i O O 
Ph2 (!j H2 +H2 Ph2 

6 11 A 

ketone base f pn' 
_,_ , » ^addition assisted 

>° 
' net P-H 

elimination 

Ph2 

XH 

(*"• I .,**NS 

I Ph2 il, H2 

i2 0 H2 

V j ^ N -
• p , 

14 

Scheme 4.5: Observed reactivity of the key intermediates in the catalytic cycle. 

Conclusion 

This research is a stoichiometric study of the proposed catalytic 

intermediates and steps in these catalytic hydrogenations. The sum of the 

results from this investigation leads to the proposed pathway for the catalytic 

hydrogenation shown in Scheme 4.6. The first step is a rapid addition reaction 

of acetophenone to the dihydride 6 to generate the alkoxide 14 as the net 

product (Scheme 4.6, and Equation 4.10). This addition reaction is slowly 

125 



Ph2 M H2 

/P'"".„ | o * * ^ 

H H2 

HA' oPh 

Ph. Ph, /=° 
P* 
Ph2 

2 9 H2 

Ph2 hi H2 

r""»,. I . ^ I N ^ \ base 

P * ^ ^ N ^ 
Ph2 0 H2 

)—OH 
Ph9 H Ph2 

11 

Scheme 4.6: Observed reactivity of the putative intermediates, 

reversible in THF solution, presumably by a mechanism that is the microscopic 

reverse of the addition reaction. In THF, the alkoxide 14 eliminates the product 

alcohol and reforms 6 under dihydrogen (Scheme 4.6 right, and Equation 4.7). 

Based upon the reactivity I established previously for the related 2-propoxide 

7,7b and the observation of the hydrogen-bond between the B-N-HaXiai group and 

"OfBu in 14, I propose that this elimination is promoted by base in THF via 

deprotonation of an N-H group in the dpen ligand, followed by displacement of 

the alkoxide ligand by the resulting lone pair on nitrogen to form the product 

alkoxide and the amide 11 (Scheme 4.6, 2nd step). The product alkoxide either 

reacts with the acid form of the base to generate the product alcohol, or a small 

of amount of the product exists as the alkoxide during the catalytic 

hydrogenation to act as base promoter. In THF, this elimination is reversible, 

and the amide 11 reacts with product alcohol to regenerate 14 (Scheme 4.6, 
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2nd step reverse). The amide 11 also reacts reversibly with H2 to generate 6 to 

thereby complete the catalytic cycle. 

As demonstrated by Equation 4.8, the alkoxide intermediate 14 will 

undergo rapid exchange with 2-PrOH to generate the 2-propoxide 7 and the 

product CH3(Ph)CHOH during hydrogenations carried out in 2-PrOH solvent. As 

discussed previously, 7 is not a catalyst for the hydrogenation in the absence of 

base under the conditions of my experiments (30°C, 4 atm H2),
7a but it will react 

quickly, even at -80 °C, via the base-promoted elimination reaction to form the 

amide 11 and 2-propoxide. The amide 11 then reacts with H2 to form 6 and 

complete the catalytic cycle (Scheme 4.6). The experiments do not rule out the 

possibility that 7 or related alkoxides eliminate alcohol and generate the amide 

11 under more forcing conditions in the absence of base. 

This research provides the most direct experimental insight into the 

mechanisms of these hydrogenations to date. All of the steps in the proposed 

catalytic cycle, except the net B-hydride elimination within 14, are rapid in the 

presence of base at -80 °C, and thereby cannot be ruled out on the basis that 

they are too slow to account for the reported rates for these catalytic 

hydrogenations.23,36 

The net product of the addition reaction of acetophenone to 6 is the 1-

phenylethoxide 14, without formation of free amide 11. The addition reaction is 

rapid even at -80°C. While it is possible that 11 formed trapped in a solvent 

cage and/or hydrogen bonded to the CH3(Ph)CHOH product,3e,4d or that ligand 

arm dissociation generates a vacant site on ruthenium during the addition 
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reaction, my experiments present the possibility that the direct product of the 

addition reaction is the alkoxide 14. A possible route for the direct addition 

reaction 14 begins with formation of the pericyclic 6-membered species 

proposed for the bifunctional addition (Equation 4.1). This process would 

remove electron density from Ru through the hydride to the carbonyl carbon. 

This loss of electron density may allow access to the Ru center by the ketone to 

undergo hydride insertion to form 14, perhaps with hydrogen bonding between 

the alkoxide ligand and the adjacent, axial N-H group {vide supra). Further 

kinetic, isotopic, and computational studies are required to obtain more 

information about the detailed workings of this step, the other steps in the 

proposed cycle, and their relevance to the catalytic hydrogenation. 

Materials and Methods 

All operations were carried out in NMR tubes fitted with a rubber septum 

under an atmosphere of argon or hydrogen using standard Schlenk and 

glovebox techniques unless stated otherwise. All solvents were dried and 

distilled under a dinitrogen atmosphere using standard drying agents unless 

stated otherwise. Deuterated 2-PrOH was not dried. The deuterated solvents 

were obtained from Cambridge Isotope Laboratories. Common solvents were 

obtained from Fisher Scientific. Common chemicals were obtained from Aldrich. 

(R,f?)-dpen and (R)-BINAP (dpen = 1,2-diphenylethylenediamine, BINAP = 2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl) were obtained from Strem. Potassium 

tert-butoxide was sublimed immediately before use. The acetophenone was 

distilled, washed with 0.1 M KOH(aq), and distilled again before use. All solids 
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were recrystallized before use. The 1-phenylethanol (Fluka) and acetophenone-

a,p-13C2 (Aldrich) were used without further purification. The hydrogen gas was 

ultra high purity grade purchased from Praxair. The reactions were monitored 

using low temperature NMR spectroscopy. The reaction times are approximate. 

If an immediate color change occurred when the reactants were mixed at low 

temperatures, and if the first NMR spectrum was recorded within 5 min of 

mixing showed the reaction was complete, I report the reaction time as 

immediate at the temperature the NMR spectrum was recorded. If no visible 

color change occurred upon mixing, and if the first NMR spectrum showed the 

reaction was complete, I report the reaction time as less than the time period 

between mixing and when the first NMR spectrum was recorded. 1H, 13C, and 

31P NMR spectra were measured using Varian-lnova (400 MHz) spectrometers. 

1H and 13C NMR chemical shifts are reported in parts per million (8) relative to 

TMS with the solvent as the internal reference. 31P chemical shifts are reported 

in parts per million (8) relative to an 85% H3PO4 external reference. NMR peak 

assignments were made using COSY and 13C-1H HSQC 2D NMR experiments. 

Some axial and equatorial N-H assignments were made using NOESY NMR 

experiments. The N-HaXiai adjacent to Ru-H was ~ 2 ppm upfield from the other 

N-H's. The same observation was reported for N-HaXiai adjacent to Ru-H in a 

series of compounds studied by Noyori et a/.11 This observation is used to 

assign the N-HaXiai adjacent to Ru-H in compounds. Masses reported for 

compounds prepared in situ are relative to the initial starting material. Masses 

for compounds that could be weighed were measured with either a Mettler 
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AE260 DelataRange® or AND ER-60A analytical balance. The masses were 

allowed to stabilize for 5 min before a reading was taken. Air and moisture 

sensitive compounds were weighed in the glove box. Liquid reagents were 

added via microlitre syringe, or 1 mL and 5 ml_ gas tight syringe when 

appropriate. Stoichiometric amounts of cyclooctane, cycloctene, KBF4, HO'Bu 

and ((CH3)3Si)2NH may be present in solution from the in situ preparation of the 

compounds. Mass spectrometric analyses of organometallic compounds were 

performed by positive-mode electrospray ionization (ESI-MS (pos)) on a 

Micromass ZabSpec Hybrid Sector-TOF spectrometer. Calculated m/z values 

refer to the isotopes 12C, 1H, 14N, 160, 31P, and 102Ru. Gas chromatography was 

performed using a Hewlett Packard 5890 chromatograph equipped with a flame 

ionization detector, a 3392A integrator, and a Beta Dex™ 120 fused silica 

capillary column (30m x 0.25mm x 0.25pm thickness, Supelco) using 20.5 psi 

He as carrier gas. The standard conditions used to determine enatiomeric 

excess (ee) of 1-phenylethanol were: initial oven temperature 70 °C increased 

at 1 °C/min to 120 °C; held at 120 °C for 10 min. The retention times were (R)-

(+)-1-Phenylethanol, tR(R) = 43.5 min; (S)-(-)-1-Phenylethanol, tR(S) = 45.6 

min; acetophenone, tR = 29.9 min. The ee measurements were confirmed 

against (±)-1-Phenylethanol. 

Typical preparation of frans-[Ru((K)-BINAP)(H)2((/?,f?)-dpen)] (6) in THF-d8. 

A solution of frans-[Ru((R)-BINAP)(H)(Ti2-H2)((RR)-dpen)]BF4 (9.2 mg, 8.72 x 

10"3 mmol) in THF-af8 (0.7 mL) was prepared under H2 (~2 atm) as described 
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previously73 and kept at -80 °C. The frans-[Ru((R)-BINAP)(H)(r|2-H2)((RR)-

dpen)]BF4 solution was then quickly canulated using H2 pressure into a tube 

containing potassium terf-butoxide (2.45 equiv, 2.4 mg, 2.14 x 10"2 mmol) and 

kept at -80 °C. The pressure of H2 was replenished after the transfer by 

injecting 10 mL of H2 into the tube using a gas-tight syringe. The contents of the 

tube were then thoroughly mixed by shaking the tube for 10 sec outside the -80 

°C bath and then returned to the bath. The process was repeated four times in 

order to mix the contents while maintaining the temperature near -80 °C. A 

colour change from orange to red occurred during the first shake. NMR Spectra 

recorded at -80 °C after ~5 min showed that the reaction was complete and 

formed 6 as sole detectable product. 

Typical preparation of [Ru((/?)-BINAP)(H)((R,/?)-NH(CH(Ph))2NH2)] (11). A 

solution of frans-[Ru((R)-BINAP)(H)(THF-c/8)((f?,R)-dpen)]BF4 (9.7 mg, 8.72 x 

10"3 mmol) in THF-ofe (0.7 mL) was prepared as described previously76 and kept 

at -80 °C. The frans-[Ru((f?)-BINAP)(H)(THF-of8)((RR)-dpen)]BF4 solution was 

quickly canulated using argon pressure into a tube containing ((CH3)3Si)2NK 

(2.47 equiv, 4.3 mg, 2.16 x 10"2 mmol) and kept at -80. The tube was shaken 

for 1 sec and then returned to the bath. The process was repeated four times in 

order to mix the contents while maintaining the temperature near -80 °C. A 

colour change from orange to deep red occurred during the first shake. NMR 

spectra recorded at -80 °C after ~5 min showed that the reaction was complete 

and formed two diasteromers of 11 in an approximately 8:2 ratio. 
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Reaction of trans-[Ru((R)-BINAP)(H)2((/?,f?)-dpen)] (6) with acetophenone 

in the presence of -1.5 equiv of excess potassium tert-butoxide. A solution 

6 (7.6 mg, 7.97x 10"3 mmol) was prepared in THF-afe (0.7 mL) as described 

above using potassium tert-butoxide (2.46 equiv, 2.2 mg, 1.96 x 10"2 mmol) as 

added base and kept at -80 °C. Acetophenone (1 (iL, 1.1 equiv, 1 mg, 8.5 x 10" 

3 mmol) was injected into the tube containing 6. The tube was shaken for 1 sec 

and then returned to the bath to mix the contents while maintaining the 

temperature near -80 °C. NMR spectra recorded at -80 °C after ~1 min 

showed that the reaction was complete and formed trans-[Ru{(R)-

BINAP)(H)(PhCH(CH3)0)((RRHNH2(CH(Ph))2NH"H-'0-f-Bu)] (14) as sole 

detectable product. 1H NMR (399.95 MHz, THF-ofe, -80 °C): 5 -16.4 (1H, t, 2JP.H 

= 24.0 Hz, Ru-H), 1.3 1H, PhCH(CH3)0- Ru, partially obscured), 2.12 (1H, br, 

CaHNHaxiaiH), 3.3 (1H, br, CbHNHH), 4.0 (1H, br, CbHNHH), 4.3 (1H, multiplet, 

CaHNHH, overlapping with CbHNHtf), 4.4 (1H, multiplet, CbHNHH, overlapping 

with CaHNHH), 4.6 (1H, br, CaHNHHequatoriai), 4.96 (1H, br, PhCH(CH3)0- Ru), 

6-10 (overlapping multiplets, aromatic). 13C{1H} NMR (100.6 MHz, THF-d8, -80 

°C): 5 28.0 (PhCH(CH3)0- Ru), 63.0 (CaHNHH), 69.0 (PhCH(CH3)0- Ru), 71.1 

(CbHNHH), 123-141 (aromatic). 31P{1H} NMR (161.88 MHz, THF-cfe, -80 °C). 5 

68.44 (d, 2JP_P = 40.5 Hz), 73.68 (d, 2JP_P = 40.5 Hz). LRMS (ESI): m/z calcd for 

C66H57N2OP2102Ru ([M-1]+), 1057.3 found, 1057.3 

Reaction of frans-[Ru((/?)-BINAP)(H)2((/?,/?)-dpen)] (6) with acetophenone 
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in the absence of excess potassium terf-butoxide. A solution of trans-

[Ru((R)-BINAP)(H)(Ti2-H2)((RR)-dpen)]BF4 (8.2 mg, 7.96 x 10"3 mmol) in THF-

cfe (0.7 mL) was prepared under H2 (~2 atm) as described previously73 and kept 

at -80 °C. The frans-[Ru((f?)-BINAP)(H)(ti2-H2)((f?,R)-dpen)]BF4 solution was 

then quickly canulated using H2 pressure into a tube containing potassium tert-

butoxide (1.23 equiv, 1.1 mg, 9.8 x 10"3 mmol) and kept at -80 °C. The 

pressure of H2 was replenished after the transfer by injecting 10 mL of H2 into 

the tube using a gas-tight syringe. The contents of the tube were then 

thoroughly mixed by shaking the tube for 10 sec outside the -80 °C bath and 

then returned to the bath. The process was repeated four times in order to mix 

the contents while maintaining the temperature near -80 °C. A colour change 

from yellow to orange occurred during the first shake. NMR Spectra recorded at 

-80 °C after ~5 min showed 70 percent conversion to 6. The remaining 30 

percent was frans-[Ru((R)-BINAP)(H)(OH)((R,R)-dpen)] indicating the absence 

of excess base.7b Acetophenone (0.6 nl_, ~ 1 equiv relative to 6, 0.62 mg, 5.1 x 

10"3 mmol) was injected into the tube containing 6. The tube was shaken for 1 

sec and then returned to the bath to mix the contents while maintaining the 

temperature near -80 °C. NMR spectra recorded at -80 °C after ~1 min 

showed that 6 reacted with acetophenone to form trans-[Ru{(R)-

BINAP)(H)(PhCH(CH3)0)((RR)-dpen)] (14'). 1H NMR (399.95 MHz, THF-d8, -

80 °C): 6 -16.43 (1H, t, 2JP.H = 22.0 Hz, Ru-H), 1.22 1H, PhCH(CH3)0- Ru, 

partially obscured), 2.12 (1H, br, CaHNHaxiaiH), 3.6 (1H, br, CbHNHH), 4.05 (1H, 

br, CbHNHH), 4.28 (1H, multiplet, CaHNHH, overlapping with CbHNHH), 4.45 
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(1H, multiplet, CbHNHH, overlapping with CaHNHH), 4.6 (1H, br, 

CaHNHHequatoriai), 5.05 (1H, br, PhCH(CH3)0- Ru), 6-10 (overlapping multiplets, 

aromatic). 13C{1H} NMR (100.6 MHz, THF-cfe, -80 °C): 6 30.1 (PhCH(CH3)0-

Ru), 63.1 (CaHNHH), 70.0 (PhCH(CH3)0- Ru), 70.2 (CbHNHH), 123-141 

(aromatic). 31P{1H} NMR (161.88 MHz, THF-afe, -80 °C). 5 68.4 (d, 2JP_P = 38.86 

Hz), 73.66 (d, 2JP_p = 38.86 Hz). 

Reaction of frans-[Ru((/?)-BINAP)(H)2((R,/?)-dpen)] (6) with acetophenone-

a,p-13C2 in the presence of ~1.5 equiv of excess potassium tert-butoxide. A 

solution of 6 (7.3 mg, 7.95 x 10"3 mmol) was prepared in THF-d8 (0.7 mL) as 

described above using potassium ferf-butoxide (2.5 equiv, 2.2 mg, 1.96 x 10"2 

mmol) as added base and kept at -80 °C. Acetophenone-a,(3-13C2 (0.9 |aL, 0.97 

equiv, 0.94 mg, 7.7 x 10"3 mmol) was injected into the tube containing 6. The 

tube was shaken for 1 sec and then returned to the bath to mix the contents 

while maintaining the temperature near -80 °C. NMR spectra recorded at -80 

°C after ~1 min showed that the reaction was complete and formed frans-

[Ru((R)-BINAP)(H)(Ph13CH(13CH3)0((RR)-(NH2(CH(Ph))2NH-H-0-f-Bu)] 

(14") as sole detectable product. LRMS (ESI): m/z calcd for 

C64
13C2H56N2OP2

102Ru ([M-2]+), 1058.3; found, 1058.3. 

Reaction of [Ru((R)-BINAP)(H)((/?,R)-NH(CH(Ph))2NH2)] (11) with (±) -1-

Phenylethanol to form frans-[Ru((R)-BINAP)(H)(PhCH(CH3)0)((/?,/?)-dpen)] 

(14). A solution of 11 (8.4 mg, 8.97 x 10"3 mmol) was prepared in THF-cfe (0.7 
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mL) as described above using ((CH3)3Si)2NK (2.46 equiv, 4.4 mg, 2.20 x 10"2 

mmol) as added base and kept at -80 °C. (±)-1-Phenylethanol (1.1 ^L 1.01 

equiv, 1.1 mg, 9.0 x 10"3mmol) was injected into the tube containg 11. The tube 

was shaken for 1 sec and then returned to the bath to mix the contents while 

maintaining the temperature near -80 °C. NMR spectra recorded at -80 °C 

after ~1 min showed that the reaction was complete and formed 14 as sole 

detectable product. 

Reaction of *rans-[Ru((/?)-BINAP)(H)(PhCH(CH3)0)((R,R)<lpenH (14) with 2-

PrOH to form frans-[Ru((R)-BINAP)(H)(2-PrO)((/?,/?)-dpen)] (7). (a) A solution 

of 14 (8.5 mg, 8.0 x 10"3 mmol) was prepared in THF-cfe (0.7 mL) as described 

above using potassium fe/f-butoxide (2.6 equiv, 2.3 mg, 2.05 x 10~2 mmol) as 

added base and kept at -80 °C. 2-Propanol (48.7 equiv, 23.5 mg, 30 [il, 0.39 

mmol) was injected into the tube containing 14. The tube was shaken for 1 sec, 

frozen in N2O), and then thawed in the NMR probe at -80 °C. The first spectra 

upon thawing showed complete conversion to 7. (b) A solution of 14 (8.5 mg, 

7.8 x 10"2 mmol) was prepared in THF-afe (0.7 mL) as described above and kept 

at -80 °C. 2-Propanol (9.75 equiv, 4.7 mg, 6 |uL, 0.39 mmol) was injected into 

the tube containing 14. The tube was shaken for 1 sec, frozen in N2(l), and 

thawed in the NMR probe at -80 °C. The first spectra upon thawing showed 

complete conversion to 7. 

Reaction of frans-[Ru((R)-BINAP)(H)2((/?,/?)-dpen)] (6) with acetophenone 
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in the presence of 2-PrOH-d8. A solution of 6 (7.5 mg, 8.00 x 10"3 mmol) was 

prepared in THF-afe (0.7 ml_) as described above using potassium tert-butoxide 

(2.6 equiv, 2.3 mg, 2.05 x 10"2 mmol) as added base then frozen in N2(l). 

Acetophenone (2 equiv, 1.9 jaL, 1.95 mg, 1.62 x 10"3mmol) was dissolved in 2-

PrOH (0.1 mL) in a NMR tube under argon and cooled to -80 °C. The 

acetophenone solution was then canulated using H2 pressure onto the frozen 

solution of 6 to form a frozen layer on top of the frozen layer of 6. The sample 

was then thawed in the NMR probe at -80 °C. The first spectra upon thawing 

showed conversion to 14 and that approximately 5 equiv of 2-PrOH had 

diffused into the THF-cfe. 

Reaction of frans-[Ru((R)-BINAP)(H)2((/?,/?)-dpen)] (6) with acetophenone 

in the presence of 5 equiv of 2-PrOH. A solution of 6 (7.7 mg, 8.06 x 10'3 

mmol) was prepared in THF-afe (0.7 mL) at as described above using potassium 

ferf-butoxide (2.5 equiv, 2.3 mg, 2.05 x 10"2 mmol) as added base and kept at -

80 °C. 2-PrOH (5 equiv, 3 [il, 2.4 mg, 3.99 x 10"2 mmol) was injected into the 

tube containing 6. The mixture was shaken for 1 sec and frozen in N2O) to 

prevent the reaction of 6 with 2-PrOH to form 7. The sample was then thawed in 

the NMR probe at -80 °C. NMR spectra at -80 °C did not show detectable 

amounts of 7. The sample was frozen in N2(l) immediately upon removal from 

the NMR to ensure that 6 remained in solution. Acetophenone (1.06 equiv, 1 

\iL, 1 mg, 8.5 x 10"3 mmol) was dissolved in THF-cfe (0.1 mL) in a NMR tube 

under argon and cooled to -80 °C. The acetophenone solution was then 
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canulated using H2 pressure into the tube containing 6 to form a frozen layer on 

top of the frozen layer of 6. The sample was then thawed in the NMR probe at -

80 °C. The first spectra upon thawing showed complete conversion of 

acetophenone into 14. 

Reaction of frans-[Ru((/?)-BINAP)(H)2((/?,/?)-dpen)] (6) with acetophenone 

in the presence of 10 equiv of 2-PrOH and excess base. A solution of 6 (7.7 

mg, 8.06 x 10'3 mmol) was prepared in THF-cfe (0.7 mL) as described above 

using potassium fe/t-butoxide (2.5 equiv, 2.3 mg, 2.05 x 10"2 mmol) as added 

base and kept at -80 °C. 2-PrOH (10 equiv, 6 jiL, 2.4 mg, 8.0 x 10~2 mmol) was 

injected into the tube containing 6. The mixture was shaken for 1 sec and 

frozen in N2(l) to prevent the reaction of 6 with 2-PrOH to form 7. The sample 

was then thawed in the NMR at -80 °C. NMR spectra at -80 °C showed that 

approximately 10 percent of 6 had converted to 7. The sample was frozen in 

N2(l) immediately upon removal from the NMR to ensure that 6 remained in 

solution. Acetophenone (1.06 equiv, 1 |uL, 1 mg, 8.5 x 10"3mmol) was dissolved 

in THF-cfe (0.1 mL) in a NMR tube under argon and cooled to -80 °C. The 

acetophenone solution was then canulated using H2 pressure into the tube 

containing 6 and 7 to form a frozen layer on top of the frozen layer of 6 and 7. 

The sample was then thawed in the NMR probe at -80 °C. The first spectra 

upon thawing showed conversion to 7 with no detectable amounts of 14. 

Reaction of frans-[Ru((/?)-BINAP)(H)2((/?,R)-dpen)] (6) with acetophenone 
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in the presence of 10 equiv of 2-PrOH in the absence of excess base. A 

solution of frans-[Ru((/?)-BINAP)(H)(r|2-H2)((/?,R)-clpen)]BF4 (8.3 mg, 8.06 x 10"3 

mmol) in THF-cfe (0.7 ml_) was prepared under H2 (~2 atm) as described 

previously73 and kept at -80 °C. The fra/7S-[Ru((R)-BINAP)(H)(Ti2-H2)((RR)-

dpen)]BF4 solution was then quickly canulated using H2 pressure into a tube 

containing potassium terf-butoxide (1.1 equiv, 1 mg, 8.91 x 10"3mmol) and kept 

at -80 °C. The pressure of H2 was replenished after the transfer by injecting 10 

mL of H2 into the tube using a gas-tight syringe. The contents of the tube were 

then thoroughly mixed by shaking the tube for 10 sec outside the -80 °C bath 

and then returned to the bath. The process was repeated four times in order to 

mix the contents while maintaining the temperature near -80 °C. A colour 

change from yellow to orange occurred during the first shake. NMR Spectra 

recorded at -80 °C after ~5 min showed -50 percent conversion to 6. The 

remaining 50 percent was frans-[Ru((R)-BINAP)(H)(OH)((f?,R)-dpen)] indicating 

the absence of excess base.7b 2-PrOH (-10 equiv relative to 6, 3 \xL, 2.4 mg, 

3.99 x 10"2 mmol) was injected into the tube containing 6. The mixture was 

shaken for 1 sec and frozen in N2O) to prevent the reaction of 6 with 2-PrOH to 

form 7. The sample was then thawed in the NMR probe at -80 °C. 

Approximately 5 percent of 6 had converted to 7. The sample was frozen in 

N2(l) immediately upon removal from the NMR to ensure that 6 remained in 

solution. Acetophenone (0.5 jaL, - 1 equiv relative to 6, 0.5 mg, 4.2 x 10"3 mmol) 

was dissolved in THF-afe (0.1 mL) in a NMR tube under argon and cooled to -80 

°C. The acetophenone solution was then canulated using H2 pressure into the 
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tube containing 6 and 7 to form a frozen layer on top of the frozen layer of 6 and 

7. The sample was then thawed in the NMR probe at -80 °C. The first spectra 

upon thawing showed conversion to 7 with approximately 5 percent of 14. 

Complex 14 reacted with 2-PrOH to form 7 within 5 min. 

Competition reaction of [Ru((R)-BINAP)(H)((R,R)-NH(CH(Ph))2NH2)] (11) 

with 1 equiv (±)-1-Phenylethanol and 5 equiv of 2-PrOH. A solution of 11 

(8.4 mg, 8.97 x 10"3 mmol) was prepared in THF-c/8 (0.7 ml_) as described 

above using ((CH3)3Si)2NK (2.46 equiv, 4.4 mg, 2.20 x 10"2 mmol) as added 

base and kept at-80 °C. (±)-1-Phenylethanol (0.93 equiv, 1 nl_, 1.01 mg, 8.3 x 

10"3 mmol) and 2-PrOH (4.3 equiv, 3 jaL, 2.4 mg, 3.9 x 10"2 mmol) were injected 

into the tube containing 11, shook for 1 sec outside the bath and immediately 

placed in the NMR probe at -80 °C. The first spectra upon thawing showed a 

1:1 mixture of 14 and 7. 

Reaction of frans-[Ru((/?)-BINAP)(H)2((/?,/?)-dpen)] (6) with acetophenone 

followed by the addition of a large excess of 2-PrOH. A solution of 6 (5.7 

mg, 5.99 x 10"3 mmol) was prepared in THF (0.7 ml_) as described above using 

potassium terf-butoxide (2.5 equiv, 1.7 mg, 1.51 x 10"2 mmol) and kept at -80 

°C. Acetophenone (1 equiv, 0.7 mg, 0.70 uL, 5.99 x 10"3 mmol) was injected 

into the tube containing 6, shook briefly (~ 1 sec) at room temp and 2-PrOH (0.7 

mL) was added to halt the reaction. The reaction mixture was then emptied into 

a vial containing EtOH and passed through a small column of Florosil to remove 
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catalyst residues using EtOH as eluent. Gas chromatography showed that there 

was ~50 % conversion to 1-Phenylethanol with an ee of 83% (S). 

Reaction of frans-[Ru((/?)-BINAP)(H)2((/?,/?)-dpen)] (6) with (R)-(+)-l-

Phenylethanol. (a) A solution of 6 (5.7 mg, 5.99 x 10"3 mmol) was prepared in 

THF (0.7 mL) as described above using potassium ferf-butoxide (2.5 equiv, 1.7 

mg, 1.51 x 10"2 mmol) and kept at-80 °C. (R)-(+)-1-Phenylethanol (10 equiv, 

7.0 uL, 7.2 mg, 5.99 x 10"2 mmol) was injected into the tube containing 6 and 

shook outside the bath for 5 seconds and immersed in a room temp (21 °C) 

bath. Aliquots (~0.05 mL) were taken into a vial containing EtOH and passed 

through a small column of Florosil to remove catalyst residues using EtOH as 

eluent. Gas chromatography showed that the ee had dropped to 61% (R) after 

5 min and to 4% {R) after 35 min. (b) A solution of 6 (5.7 mg, 5.99 x 10"3 mmol) 

was prepared in THF (0.7 mL) as described above using potassium tert-

butoxide (2.5 equiv, 1.7 mg, 1.51 x 10'2 mmol) and kept at -80 °C. (f?)-(+)-1-

Phenylethanol (10 equiv, 7.0 uL, 7.2 mg, 5.99 x 10"2 mmol) was injected into the 

tube containing 6 and shook outside the bath for 5 seconds and immersed in 30 

°C bath. Aliquots (-0.05 mL) were taken into a vial containing EtOH and passed 

through a small column of Florosil to remove catalyst residues using EtOH as 

eluent. Gas chromatography showed that the ee had dropped to 35% (R) after 

5 min and was racemic after 15 min. The 1-Phenylethanol was still racemic 

after 30 min. (c) A solution of 6 (5.7 mg, 5.99 x 10"3 mmol) was prepared in THF 

(0.35 mL) as described above using potassium fe/t-butoxide (2.5 equiv, 1.7 mg, 
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1.51 x 10"2 mmol) and kept at -80 °C. (f?H+M-Phenylethanol (10 equiv, 7.0 

(JL, 7.2 mg, 5.99 x 10"2mmol) was dissolved in 2-PrOH (0.35 mL), cooled to -80 

°C, canulated using H2 pressure into the tube containing 6, shook outside the 

bath for 5 seconds, and then immersed in a 30 °C bath. Aliquots (-0.05 mL) 

were taken into a vial containing EtOH and passed through a small column of 

Florosil to remove catalyst residues using EtOH as eluent. Gas chromatography 

showed that the ee had dropped to 84 % (R) after 10 min. An aliquot taken after 

230 min showed that the ee dropped to 66 % (R). 

Reaction of [Ru((/?)-BINAP)(H)((/?,/?)-NH(CH(Ph))2NH2)] (11) with (R)-(+)- l -

Phenylethanol. A solution of 11 (5.7 mg, 5.99 x 10"3 mmol) was prepared in 

THF (0.7 mL) as described above using ((CH3)3Si)2NK (2.5 equiv, 3.0 mg, 1.50 

x 10"2 mmol) as added base and kept at -80 °C. (R)-(+)-1-Phenylethanol (10 

equiv, 7.0 uL, 7.2 mg, 5.99 x 10'2 mmol.) was added to the tube containing 11 

and shook outside the bath for 5 seconds, and then immersed in a 30 °C bath. 

Aliquots (-0.05 mL) were taken into a vial containing EtOH and passed through 

a small column of Florosil to remove catalyst residues using EtOH as eluent. 

Gas chromatography showed that the ee had dropped to 14% (R) after 5 min, 

and was racemic after 10 min. 

Hydrogenation of Acetophenone using frans-[Ru((R)-BINAP)(H)2((/?,R)-

dpen)] (6) as catalyst. A solution of 6 (11.4 mg, 1.19 x 10'2 mmol) was 

prepared in THF (0.7 mL) as described above using potassium terf-butoxide 
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(-2.5 equiv, 3.4 mg, 3.0 x 10"2 mmol) as added base, diluted to 2 ml_ with THF, 

and kept at -80 °C. A glass pressure reactor equipped with a magnetic stir bar 

was fitted with a rubber septum, charged with acetophenone (1.44 g, 1.2 x10"2 

mol, 1000 equiv) in dry, distilled THF (4.8 mL), and then flushed with H2. 

Hydrogen gas was bubbled through the solution with stirring for 1 min, and then 

the solution of 6 was canulated using H2 pressure into the glass pressure 

reactor (total THF 6.8 mL). The septum was replaced with a high pressure 

fitting, and the reactor was pressurized to 44 psi (gauge). The mixture was 

rapidly stirred at 30 °C. Aliquots were taken by first depressurizing the reactor to 

-1.5 atm, removing an aliquot (~ 0.1 mL) into a vial containing EtOH, and then 

repressurizing the reactor to 44 psi. All aliquots were passed through a small 

column of Florosil to remove catalyst residues using EtOH as eluent. Gas 

chromatography showed that there was ~ 6 turnovers with 69 % ee (S) after 18 

min, - 22 turnovers with 66% ee (S) after 49 min, and -94 turnovers with 59 % 

ee (S) after 97 min. An aliquot taken at 1198 min indicated that the reaction was 

complete with 53 % ee (S). The ee dropped to 47 % (S) after an additional 428 

min under H2 pressure (44 psi gauge). 
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Chapter 5: Summary and future work. 

Summary 

Noyori et a/.'s hydrogenation catalyst system trans-

Ru(diphosphine)Cl2(diamine) plus base in 2-PrOH along with its base free 

analogue frans-Ru(diphosphine)(H)(t|1-BH4)(diamine) are amongst the most 

successful, and influential catalysts ever developed for the hydrogenation of 

polar bonds. Simply by changing the phosphine and amine ligands, variants of 

this catalyst system can hydrogenate a wide range of ketone substrates with 

high enantioselectivity, chemoselectivity, turnover number, and rates.1 

The mechanisms of these, and related, hydrogenations are the subject of 

intense study.2"9 It is difficult, however, to obtain direct information about the 

individual steps in the cycle because of the high reactivity of the proposed 

intermediates.7 As such, direct NMR evidence for the steps in the catalytic cycle 

was difficult to obtain at the time. Therefore the proposed mechanism was 

based on intuition and indirect evidence such as kinetics, isotope labeling 

studies, preparation of model compounds, and theoretical calculations. 

Theoretical calculations indicate that the best fit for the key steps in the catalytic 

cycle, the enantioselective product formation step and the regeneration of the 

active dihydride catalyst, proceed through a metal-ligand bifunctional addition 

which is followed by a turnover-limiting reaction with dihydrogen to regenerate 

the active catalyst.313 It is proposed that metal-ligand bifunctional addition is a 

concerted process in which a nucleophilic hydride on ruthenium and a protic 

hydrogen on nitrogen add to the carbon and oxygen of the ketone, respectively, 
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through a pericyclic 6-membered transition state to form product alcohol and a 

ruthenium-amide species (equation 5.1).2a The amide then heterolytically 

cleaves dihydrogen to regenerate the active catalyst. Indeed kinetic studies 

indicate a rate dependence on hydrogen which corroborates with theoretical 

calculations.23 

[ Ru-NHj 

Equation 5.1 

The goal of the work in this dissertation was to prepare and characterize 

the actual proposed intermediates in the metal-ligand bifunctional mechanism. 

The individual steps in the catalytic reaction were studied by carrying out each 

stoichiometrically at low temperatures. The results were then used to propose 

an alternate route for the hydrogenation. 

One of the proposed interemediates in the catalytic cycle is the r\2-H2 

compound frans-[Ru((fi)-BINAP)(H)(n2-H2)((R,K)-dpen)]+ (1). Although 2-PrOH-

ds is not the optimal solvent for the observation of the proposed catalytic 

intermediate, compound 1 can be prepared at low temperatures in 2-PrOH-d8-

rich solutions without H-D exchange of the hydride or n2-H2 ligands, thereby 

allowing its conclusive 1H NMR characterization and study.73 The n2-H2 ligand in 

1 is very labile and has the shortest H-H bond distance reported to date. The n,2-

H2 ligand it can be easily displaced by D2 to make the n,2-D2 analogue. This 
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substitution resulted in a sharpening and down-field shift of the trans hydride 

signal due to the difference in trans influence of n2-D2 versus n2-H2. Additionally, 

1 reacts with NaBHU to displace the n2-H2 ligand and make the Noyori base-free 

catalyst precursor frans-[Ru((R)-BINAP)(H)(V-BH4)((ft,R)-dpen] (82"). 

Noyori et al. proposed that 2-PrOH solvent displaces the n,2-H2 ligand to 

form a solvento compound,2a although there was no evidence for the proposed 

solvento species upon removal of hydrogen. Additionally, Noyori et al. proposed 

that the n2-H2 ligand is sufficiently acidic to be deprotonated by 2-PrOH solvent 

under base-free conditions. There is rapid H-D exchange with the solvent at 

room temperature which suggests that 1 is weakly acidic. The dihydride was 

not, however, detected in NMR experiments.73 Further, compound 1 does not 

generate sufficient amounts of the active catalyst for rapid ketone 

hydrogenations under the base-free conditions used for this study (4 atm H2, 30 

°C). Therefore, under base-free conditions the mechanism likely proceeds via a 

different pathway than originally proposed. 

Noyori et al. proposed that 1 reacts with base in 2-PrOH solvent to form 

the dihydride catalyst frans-[Ru((ft)-BINAP)(H)2((R,R)-dpen)] (6).2a We found, 

however, that 1 reacts with 1 equiv of f-BuOK in 2-PrOH to form the 2-

propoxide compound frans-[Ru((R)-BINAP)(H)(2-PrO)((f?,ft)-dpen)] (7), not the 

expected dihydride compound.715 Further, the 2-propoxide 7 is remarkably stable 

and can be isolated and studied in THF-af8. Compound 7 did not react with H2 

(~2 atm, room temp) to form the dihydride. This unexpected stability of 7 may 

result from either intramolecular H-bonding between the 2-PrO" ligand and an 
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N-H group or intermolecular hydrogen bonding network between the alkoxide 

oxygen, the amine N-H, and the 2-PrOH solvent. Under catalytic conditions (4 

atm H2, 30 °C), stoichiometric amounts of base (either NaBH4 or f-BuOK) 

converts 1 into an active species, resulting in the catalytic hydrogenation of 

acetophenone.7a This results demonstrates that under Noyori et al.'s "base-free" 

conditions, (BH4)" is playing a key role in catalyst activation. 

The catalytic cycle was studied in THF-Gfe due to the problems 

associated with using 2-PrOH-of8- The dihydrogen compound 1 can be prepared 

cleanly at low temp in THF-of8. Since THF is a stronger ligand than 2-PrOH, the 

solvento compound frans-[Ru((R)-BINAP)(H)(THF-c/8)((R,R)-dpen)]+ (Scheme 

5.1 top left, 9) is formed upon the removal of H2. Noyori et al. proposed that the 

solvento compound will react with base to form the amide 11.2a We found, 

however, that the solvento compound 9 reacts with 1 equiv of f-BuOK in wet 

THF-afs at -80 °C to form the ruthenium-hydroxide compound trans-[Ru((R)-

BINAP)(H)(OH)((RR)-dpen)] (Scheme 5.1 middle right, 10). Similarly, the if-H2 

compound 1 reacts with 1 equiv of f-BuOK in wet THF-cfe at -80 °C to form 10. 

The hydroxide compound 10 is also exceptionally stable. It does not react with 

H2 to form the dihydride 6, even at elevated temperatures. The hydroxide 10 

does, however, react with a further equiv of t-BuOK to generate what we 

propose is a new N--Hequatoriar""0-f-Bu hydrogen-bonded species 13. Sirnilarily 

the 2-propoxide 7 reacts with another equiv of f-BuOK to generate an 

analogous hydrogen-bonded species 12 (Scheme 5.1, middle left). Compounds 

13 and 12 subsequently react with H2 at -80 °C in THF-afe to form the dihydride 
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Scheme 5.1: Observed reactivity of the putative intermediates. 

6. This result was the first conclusive identification of the actual proposed 

dihydride catalyst. It is likely that this proceeds through the formation of the 

amide 11, which then reacts with H2 to form 6. This hypothesis was investigated 

by reacting the solvento compound 9 with the stronger more hindered base 

((CH3)3Si)2NK to form the amide 11 (Scheme 5.1 middle right). The amide 11 

subsequently reacts with H2 to form the dihydride 6. The turnover limiting step is 

proposed to be the addition of H2 to the amide 11 to produce 6. My 

observations show, however, that H2 addition to the amide 11 occurs at high 

rates at -80 °C. The amide 11 also reacts rapidly with 2-PrOH to form the 2-

propoxide compound 7. This results show that any amide 11 formed during a 
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catalytic hydrogenation will quickly react with the 2-PrOH solvent to form the 2-

propoxide 7. Therefore it is possible that the hydrogen addition is turnover 

limiting in the presence of excess base because the steady-state concentration 

of 11 is low during the catalytic hydrogenation. 

To investigate the enantioselctive step the dihydride 6 was reacted with 

one equiv of acetophenone. The dihydride 6 is formally an 18e- complex, yet it 

reacts quickly with acetophenone -80 °C. The product of the addition reaction is 

the alkoxide compound ffans-[Ru((R)-BINAP)(H)(PhCH(CH3)0)((R,/?)-dpen)] 

(14), and not the amide. The amide will react quickly with alcohols (vide supra) 

to form the corresponding alkoxide, so it is possible that 1-phenylethanol simply 

reacted with amide to produce the alkoxide. To investigate this possibility 

trapping experiments were performed to determine if the amide was formed 

during the addition step (Scheme 5.2). There was no evidence, however, for the 

formation of either 7 or 6 as trapping products. These results show that the 

amide did not form as a distinct species in solution. It is possible compound 11 

forms directly via the pericyclic 6-membered species proposed for the 

bifunctional addition (Scheme 5.3 top). This removes electron density from Ru 

through the hydride to the carbonyl carbon. The loss of electron density allows 

access to the Ru center by the ketone to undergo a concerted hydride insertion 

through a transition state like that shown in Scheme 5.3. Species such as 14 

rapidly undergo the base-assisted intramolecular alkoxide elimination to form 11 

at -80 °C (Scheme 5.3,14-vM). The amide 11 reacts rapidly with H2 at -80 °C 

to form 6 (Scheme 5.3, 11—>6). Therefore it is possible that the catalytic 
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2-PrOH 

Scheme 5.2: Possible route for the formation of 1-phenylethoxide 14. 

hydrogenation proceeds through the sequence of steps 6->14—>11 in the 

presence of base. These steps are all rapid at -80 °C, and so they are 

kinetically competent as a mechanism for the catalytic hydrogenation. 

152 



The dihydride 6 reduces acetophenone to 1-phenylethanol in THF with 

low ee. This result shows that either the enantioselectivity is lower in THF than 

in 2-PrOH, or the reaction is reversible, or both. Futher, the dihydride 6, and the 

amide 11, both react with enantiopure (R)-l-phenylethanol to form racemic 1-

phenylethanol. This result clearly shows that the reaction is reversible under my 

conditions via a net p-hydride elimination of the alkoxide 14. Compound 14 

reacts with 2-PrOH to form the 2-propoxide 7. If this exchange reaction is faster 

than the p-hydride elimination in 14, then the ee should be higher in the 

presence of 2-PrOH. Indeed the dihydride 6 reduces acetophenone with higher 
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Scheme 5.3: Proposed route for the formation of observed intermediates. 

153 



ee in the presence of 2-PrOH. Futher, the racemization of (R)-l-phenylethanol 

is hindered in the presence of 2-PrOH. Therefore, the step 6—>14 mimics an 

irreversible process in the presence of 2-PrOH by the formation of 7, and that 

this preserves the ee of the product alcohol (Scheme 5.3 bottom). 

Future Work 

My experiments present the possibility that the direct product of the 

addition is the alkoxide 14. An alternate possibility is that the dihydride 6 reacts 

with acetophenone to form an amide-alcohol adduct via a hydrogen bond 

between the alcohol OH and the amide N, which then collapses to the alkoxide 

14 without the formation product alcohol and amide as distinct species.36 If the 

amide-alcohol adduct collapses to the alkoxide faster than hydrogen bond 

breaking to form amide and alcohol, then the intermolecular trapping 

experiments performed in this study cannot distinguish between these two 

mechanistic possibilities. Intramolecular trapping experiments, however, using a 

ketone substrate that upon reduction would form a symmetrical diol species 

may provide information about the formation of the Ru-alkoxide species. For 

example, 1,4-cycolhexanedione could be partially reduced by NaBD4 in EtOH-

de to form 4-hydroxy-ck-cyclohexanone. The 4-hydroxy-cfe-cyclohexanone could 

then be reduced by 6 in THF at low temperature to form the Ru-alkoxide 

species. If the reduction occurs via a concerted process as I propose, then only 

Ru-4-hydroxy-c/2-cyclohexanoxide is formed (Scheme 5.4 right). If, however, the 

Ru-alkoxide forms via an amide-alcohol adduct then a mixture of Ru-4-hydroxy-

cfe-cyclohexanoxide and Ru-4-hydroxy-cyclohexanoxide-di is formed (Scheme 
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Scheme 5.4: Proposed intramolecular trapping experiments. 

5.4 left). This experiment is complicated by several factors. Since the reduction 

is reversible, the 4-hydroxy-Gf2-cyclohexanone may be oxidized to 1,4-

cycolhexanedione (Scheme 5.4 bottom). The 1,4-cycolhexanedione would be 

reduced by 6 to form a Ru-alkoxide, but would provide no information about the 

pathway of formation. Additionally, I found that the Ru-alkoxide species readily 

exchange with alcohols in solution. Therefore, there may still be a mixture of 

Ru-4-hydroxy-of2-cyclohexanoxide and Ru-4-hydroxy-cyclohexanoxide-di if the 

exchange reaction is rapid, even if the reduction occurs via a concerted 

process. One possible solution would be to perform the experiments in the 

absence of excess base since this would slow the rate of exchange. Further, if 

a catalyst can be made where the hydride is trans to a ligand with a weaker 

trans influence but still remain catalytically active, then perhaps the rates of the 

Ru-alkoxide formation and alkoxide exchange steps may be slow enough at low 

temperature to gain additional information. 
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The amide 11 reacts rapidly with H2 at -80 °C to form the dihydride 6. 

Previous kinetic studies, however, indicate that this reaction is the TLS in the 

catalytic cycle.23 The amide reacts reversibly with 2-PrOH to form the inactive 

Ru-2-propoxide compound as a catalyst resting state. In 2-PrOH solvent, the 

equilibrium favors the Ru-2-propoxide compound. Therefore, varying the 

amount of 2-PrOH may change the rate dependence on H2. Further kinetic 

studies are required to determine whether the rate dependence on H2 is caused 

by a low steady state concentration of the amide due to the presence of 2-

PrOH. 

I showed that the presence of 2-PrOH has a beneficial effect on the 

product ee. The rate of product formation, however, may be slower due to the 

formation of the inactive Ru-2-propoxide compound. The ideal amount of 2-

PrOH required to maintain a high ee, while maximizing the rate of product 

formation, needs to be determined. Catalytic hydrogenations in various THF/2-

PrOH solvent mixtures may give information about the amount of 2-PrOH that is 

required. The dihydride catalyst 6 can be prepared at low temperature in THF, 

and added to the ketone substrate dissolved in different THF/2-PrOH solvent 

mixtures. Subsequent determination of the ee and rate of reaction will 

demonstrate the ideal amount of 2-PrOH. 

Deuterium labeling studies may provide useful information about the 

product formation step. Specifically, the kinetic isotope effect (KIE) could 

distinguish between a concerted metal-ligand bifunctional and a stepwise 

product formation pathway. To gain mechanistic information the KIE when the 
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Ru-H's and the dpen N-H's are exchanged for deuterium individually, and when 

both the Ru-H's and N-H's are exchanged for deuterium, needs to be 

investigated. The relative rates of the proton versus deuterium isotopologues 

can then be compared to determine the individual and overall KIE's. If the 

product of the individual KIE's is equal to the overall KIE, then product formation 

occurs via the bifunctional mechanism. If, however, the overall KIE is equal to 

one of the individual KIE then product formation occurs via a stepwise 

mechanism. 

Measuring the KIE upon deuteration of the ruthenium catalyst is 

complicated by several factors. I found that the dihydride 6 reacts rapidly with 

one equiv of acetophenone, even at -80 °C making it nearly impossible to 

determine the relative rates of reaction. It may be possible to circumvent this 

complication by using a larger, less reactive substrate such as acetonapthone. 

A larger problem is controlling the deuteration of the ruthenium catalyst. The 

reaction between the amide and H2 to form the dihydride is a reversible 

process. Therefore there will be deuterium scrambling amongst the Ru-H's and 

N-H's. The deuterium scrambling would make the observed KIE largely 

meaningless since it would be difficult to discern which isotopologue was 

responsible for the reduction of the ketone. It may be more practical to measure 

the KIE's of the reverse process, i.e. the oxidation of an alcohol to form a 

ketone, to gain mechanistic information. For example, the 1-phenylethanol 

isotopologues C6H5CH(OH)CH3 (Scheme 5.5 top), C6H5CD(OH)CH3 (Scheme 

5.5 bottom), C6H5CH(OD)CH3 (Scheme 5.5 right), and C6H5CD(OD)CH3 
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(Scheme 5.5 left) can be reacted with the amide, and the relative rates of 

acetophenone production can be determined. Similar to the KIE of the 

hydrogenation reaction, if the product of the individual KIE's is equal to the 

overall KIE, then there is direct evidence for a bifunctional mechanism. If, 

however, the product of the individual KIE's does not equal the overall KIE, then 

a stepwise mechanism is inferred. One complication is that the hydrogen 

produced during this reaction must be removed to avoid hydrogenation of the 

acetophenone. 

The dihydride 6 is a very active hydrogenation catalyst. Therefore it may 

be used to hydrogenate other substrates containing polar bonds such as 

aldehydes, esters and imines. Subsequent mechanistic investigations may 

provide further insight into the catalytic cycle. The amide 11 is also a very 

reactive species. It heterolytically cleaves both H-H, and O-H bonds, to form 

dihydride, and Ru-alkoxide, respectively. Therefore, it may be possible to 

Scheme 5.5: Proposed reactivity for the oxidation of deuterium-labeled 1-
phenylethanol. 
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develop new catalytic reactions using 11 to cleave other bonds to afford new 

products. 

Overall, this work is the most detailed mechanistic investigation of the 

hydrogenation of ketones using the Noyori et a/.'s catalyst system, trans-

[Ru((R)-BINAP)(H)2((R/?)-dpen)] (6). These studies represent the first 

conclusive identification, and full characterization, of the putative intermediates 

in the catalytic cycle. Additionally, I have shown that the reduction of ketones is 

reversible, and that 2-PrOH solvent inhibits the reverse process and preserves 

the high ee of the product alcohol. Futher, these studies indicate that the 

reduction step may not occur via the metal-ligand bifunctional mechanism as 

originally proposed, but rather through a concerted process to form a 

Ru-alkoxide compound. Computational studies in collaboration with other 

groups may determine if the concerted formation of 14 is an energetically 

feasible process. 
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Appendix 1: NMR spectra. 
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Figure A1.1:1H NMR Ru-r|2-H2 and Ru-H signals for complex 1. 
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•7.0 -7.2 -7.4 -7.6 -7.8 -8.0 -8.2 -8.4 -8.6 -8.8 -9.0 -9.2 -9.4 -9.6 -9.8 

B 

-7.0 -7.2 -7.4 -7.6 -7.8 -8.0 -8.2 -8.4 -8.6 -8.8 -9.0 -9.2 -9.4 -9.6 -9.8 

Figure A1.2: (A) 1H NMR Ru-H signal trans to ri2-H2 in complex 1. (B) 1H NMR 

Ru-H signal trans to i]2-D2 in complex 89, prepared by bubbling D2 through 

solutions of 1 at -60 °C. 
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31or1 Figure A1.3: J1P{1H} NMR spectrum of 6 at -60 °C. 
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Figure A1.4: nH NMR spectrum (hydride region) of 6 at -60 °C. 
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Figure A1.5: 1H NMR spectrum (0 to 10 ppm) of 6 at -60 °C. The non-aromatic 

peaks assigned to 6 are marked with an asterisk. The remaining peaks are due 

to residual protons in the deuterated solvent, the added base, H2, cyclooctane 

and cyclooctene (produced during hydrogenation of the precursor 

[Ru(BINAP)((1-5-'n)-C8Hii)](BF4), and traces of diethyl ether, hexanes, or 

CH2CI2, if present. 
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Major diastereomer 

Minor diastereomer 
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Figure A1.6: 31P{1H} NMR spectrum of 11 at -60 °C. The remaining, small 
peaks are from decomposition products formed during the hydrogenation of the 
precursor [RU(BINAP)((1-5-TI)-C8HH)](BF4). 
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Minor diastereomer 
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Figure A1.7: 1H NMR spectrum (hydride region) of 11 at -60 °C. 
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Figure A1.8: 1H NMR spectrum (1 to 10 ppm) of 11 at -60 °C. The non 

aromatic peaks assigned to the major diasteromer are marked with an asterisk. 

The remaining peaks are due to residual protons in the deuterated solvent, the 

added base, H2, cyclooctane and cyclooctene (produced during hydrogenation 

of the precursor [Ru(BINAP)((1-5-n)-C8Hn)](BF4), and traces of diethyl ether, 

hexanes, or CH2CI2, if present. 
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Figure A1.9: 1H NMR spectrum (-1 to 10 ppm) of 14 at -80 °C. The non-

aromatic peaks assigned to 14 are marked with an asterisk. The remaining 

peaks are due to residual protons in the deuterated solvent, the added base, 

H2, cyclooctane and cyclooctene (produced during the hydrogenation of the 

precursor [Ru((f?)-BINAP)((1-5-r|)-C8H11)](BF4), and traces of diethyl ether, 

hexanes, or CH2CI2, if present. 
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Figure A1.10: 1H NMR spectrum (hydride region) of 14 in the presence of -1.5 

equiv of excess base at -80 °C. Neither the dihydride 6 nor the amide 11 were 

detected. 
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31 o f 1 Figure A1.11: ^PfH} NMR spectrum of 14 at -80 °C. 
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