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Figure Index:  

 

Figure S1: 
1
H NMR of ethyl hexanoate 10 metathesis with catalyst 2. 

Figure S2: Expansion of 
1
H NMR of ethyl hexanoate 10 reaction with 2. 

Figure S3: 
1
H NMR of benzyl hexanoate 47. 

Figure S4: 
1
H NMR of D2-benzyl hexanoate 46. 

Figure S5: 
1
H NMR of benzyl hexanoate 47 after metathesis reaction  

Figure S6. 
1
H NMR of D2-benzyl hexanoate 46 after metathesis reaction. β CH2 of hexanol 

at ~1.5ppm (minor overlap with catalyst peaks) and of hexanoate at ~2.2ppm. α CH2 of 

hexanol at 4.0-4.3ppm. α CH2 of benzyl alcohol at 5.0-5.2ppm. 

Figure S7. Kinetics with 1.5 mg of 3. 
1
H NMR whole spectrum. 
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Figure S8. Kinetics with 1.5 mg of 3 and 19. 3.85ppm ethyl acetate α CH2 of ethanol; 

4.1ppm ethyl benzoate α CH2 of ethanol; 4.90ppm benzyl acetate α CH2 of benzyl alcohol; 

5.13ppm benzyl benzoate α CH2 of benzyl alcohol. 

Figure S9. Appearance of α CH2 of ethyl acetate with 1.5 mg of 3. 50 
o
C; measurements 

every 5 minutes. Integration data (green) fitted to a first order integral kt=ln(Xo/(Xo-X’)). 

k=5.66E-2. X-axis each point =5minutes 

Figure S10. Appearance of α CH2 of ethyl acetate with 3.0 mg of 3. 50 
o
C; measurements 

every 5 minutes. Integration data (green) fitted to a first order integral kt=ln(Xo/(Xo-X’)). 

k=5.58E-2. X-axis each point =5minutes 

Figure S11. Appearance of α CH2 of ethyl benzoate with 3.0 mg of 3. 50 
o
C; measurements 

every 5 minutes. No reasonable fit found. Induction period for the first half hour. X-axis each 

point =5minutes 

Figure S12. Appearance of α CH2 of benzyl benzoate and with 3.0 mg of 3. 50 
o
C; 

measurements every 5 minutes. Integration data (green) fitted to a first order integral 

kt=ln(Xo/(Xo-X’)). k=5.50E-2.  X-axis each point =5minutes 

Figure S13. Kinetics with 4.0 mg of 3 and 20. 3.85ppm ethyl acetate α CH2 of ethanol; 

4.1ppm ethyl benzoate α CH2 of ethanol; 4.90ppm benzyl acetate α CH2 of benzyl alcohol; 

5.13ppm benzyl benzoate α CH2 of benzyl alcohol. 

Figure S14. Appearance of α CH2 of ethyl acetate with 4.0 mg of 3. 50 
o
C; measurements 

every 5 minutes. 

Figure S15. Appearance of α CH2 of ethyl benzoate with 3.0 mg of 3. 50 
o
C; measurements 

every 5 minutes. 

Figure S16. Appearance of α CH2 of benzyl benzoate and with 3.0 mg of 3. 50 
o
C; 

measurements every 5 minutes.  

Figure S17. 
1
H NMR of 3, soon after mixing with KO

t
Bu in C6D6. 

Figure S18. 
1
H NMR of 3, 3 h after mixing with KO

t
Bu in C6D6 and heating at 50

o
C. 

Figure S19. 
1
H NMR of 3 with 0.5 equiv of benzyl acetate after 10 minutes of heating at 50 

o
C. 3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 

of ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α 

CH2 of benzyl alcohol. 

Figure S20. 
1
H NMR of 3 with 1 equiv of benzyl acetate after 10 minutes of heating at 50

o
C. 

3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of 

ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 

of benzyl alcohol. 

Figure S21. 
1
HNMR of 3 with 1 equiv. of benzyl acetate after overnight at r.t. 3.90ppm 

quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of ethanol; 

4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 of benzyl 

alcohol. 

Figure S22. 
1
HNMR solution from Figure S17 after adding 5 more equiv of benzyl acetate 

and leaving at r.t. for 3 hours. 3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm 

quartet of ethyl benzoate α CH2 of ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 

5.17ppm benzyl benzoate α CH2 of benzyl alcohol. 

Figure S23. 
1
HNMR of 3 with 6 equiv of 20, 15 minutes after mixing at r.t.  3.90ppm quartet 

ethyl acetate α CH2 of ethanol obscured by carbon satellite of 20; 4.1ppm quartet of ethyl 

benzoate α CH2 of ethanol 

Figure S24. 
1
HNMR of 3 with 6eq. of 20, 4.5 hours after heating.  3.90ppm quartet ethyl 

acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of ethanol; 4.95ppm 

benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 of benzyl alcohol. 
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Figure S25. Mechanistic Figure from the main text with deuteration experiment included 

 

Figure S26. GC chromatograph (Table-1, entry-1) 

Figure S27. GC chromatograph (Table-1, entry-2) 

Figure S28. GC chromatograph (Table-1, entry-3) 

Figure S29. GC chromatograph (Table-1, entry-4) 

Figure S30. GC chromatograph (Table-1, entry-5) 

Figure S31. GC chromatograph (Table-1, entry-6) 

Figure S32. GC chromatograph (Table-1, entry-7) 

Figure S33. GC chromatograph (Table-2, Entry-1) 

Figure S34. GC chromatograph (Table-2, Entry-3) 

Figure S35. GC chromatograph (Table-2, Entry-4) 

Figure S36. GC chromatograph (Table-2, Entry-5) 

Figure S37. GC chromatograph (Table-3, Entry-1) 

Figure S38. GC chromatograph (Table-3, Entry-2) 

Figure S39. GC chromatograph (Table-3, Entry-3) 

Figure S40. GC chromatograph (Table-3, Entry-4) 

Figure S41. GC chromatograph (Table-3, Entry-5) 

Figure S42. GC chromatograph (Table-3, Entry-6) 

Figure S43. GC chromatograph (Table-3, Entry-7) 

Figure S44. GC chromatograph (Table-3, Entry-8) 

Figure S45. GC chromatograph (Table-3, Entry-9) 

Figure S46. GC chromatograph (Table-4, Entry-1) 

Figure S47. GC chromatograph (Table-4, Entry-2) 

Figure S48. GC chromatograph (Table-4, Entry-3) 

Figure S49. GC chromatograph (Table-4, Entry-4) 

Figure S50. GC chromatograph (Table-4, Entry-5) 

Figure S51. GC chromatograph (Table-4, Entry-6) 

Figure S52. GC chromatograph (Table-4, Entry-7) 

Figure S53. GC chromatograph (Table-4, Entry-8) 

Figure S54. GC chromatograph (Table-4, Entry-9) 

Figure S55. GC chromatograph (Table-4, Entry-10) 

Figure S56. GC chromatograph (Table-4, Entry-11) 

Figure S57. GC chromatograph (Table-4, Entry-14) 

Figure S58. GC chromatograph (Table-4, Entry-15) 

Figure S59. GC chromatograph (Table-4, Entry-16) 
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General Specifications 

 All catalytic experiments with metal complexes were carried out via a general 

procedure specified in the main manuscript. Identity and distribution of the products were 

established on a QP2010 Ultra Shimadzu GC/MS system equipped with a SH-Rxi-1ms 

30meter column. Yields were determined by NMR for stoichiometric/low substrate J-Young 

tube experiments. In most cases, yields were calculated from GC/FID results using a GC2014 

Shimadzu system equipped with a SH-Rxi-1ms 60meter column, with mesitylene internal 

standard added after reaction completion. Standards of alcohol and ester products were run 

against the internal standard to determine conversion ratios and an average value for the 

conversion factor was obtained after several runs. Inert atmosphere experiments were carried 

out under an atmosphere of purified nitrogen in an MBraun Unilab pro glovebox. Ester 

substrates were purchased from Aldrich, Alfa Aesar, TCI and Ark-pharma and were used as 

is without purification. Deuterated solvents used in the study: C6D6 from Euroiso-top was 

transferred to the glove box, dried overnight over CaH2 and filtered through celite. 

Complexes  2, 3, and 4 were purchased from TCI (2) and Aldrich (3,4). Complex 3 was also 

synthesized according to published procedure.
1
  

1
H, 

31
P NMR spectra were recorded at 400, and 161 MHz respectively, using a Bruker 

Ascend(AvanceIII) 400MHz and JEOL ECZ series 400MHz spectometers. 
1
H and 

31
P NMR 

chemical shifts are reported in ppm downfield from tetramethylsilane and corrected against 

PPh3 (-6ppm) external standard respectively. 

 

Experimental Procedures 
 

General Procedure for ester metathesis 

 

The catalyst (1 mg, 0.0016 mmol) and KO
t
Bu (0.9 mg, 0.008 mmol) were mixed together in a 

11 mL screwcap vial in the glove box. 3 mL of toluene solvent was added and stirred for 5 

min, after which the ester (equivalents given in Tables 1 and 2, but typically 500 equiv or 0.8 

mmol) was added. The screw top vial was closed and the cap was wrapped with electric tape 

to prevent atmosphere exchange. The vial was taken out of the glove box and heated in an oil 

bath for 16 hours at 80 
o
C while the contents were being stirred. At the end of the reaction, 

100 equiv of mesitylene internal standard were added based on the catalyst and the mixture 

was analyzed by GC/FID. Standards of pure symmetrical products were available in most 

cases and were earlier calibrated against the internal standard on the same GC/FID system 

and under the same run conditions/column. The symmetrical metathesis product had the same 

conversion factor as its starting material isomer. Information for standard conversion factors 

is given under each relevant GC trace (Figures S26-S59). 

 

General Procedure for ester hydrogenation 

 

The catalyst (1 mg, 0.0016 mmol) and KO
t
Bu (0.9 mg, 0.008 mmol) were mixed together in a 

11 mL screwcap vial in the glove box. 2 mL of toluene solvent was added and stirred for 5 

min, after which the ester (amounts vary in Table 3 from 100 to 500 equiv, but typically 500 

equiv or 0.16 mmol; 0.16 mmol for Table 4) and ethanol (20 equiv) was added before the vial 

was sealed. The screw top vial was closed and the cap was wrapped with electric tape to 

prevent atmosphere exchange. The vial was taken out of the glove box and heated in an oil 

bath for 16 hours at 80 
o
C while the contents were being stirred. At the end of the reaction, 

100 equiv of mesitylene internal standard were added based on the catalyst and the mixture 

was analyzed by GC/FID. Standards of pure alcohol products were available and were earlier 



5 

 

calibrated against mesitylene on the same GC/FID system under the same run 

conditions/column. 

 

Experimental 
 

NMR experiment with ethyl hexanoate 10 and complex 2. 

 

Base, catalyst and ester were mixed together in a J-Young NMR tube in C6D6, heated at 60 
o
C, and the reaction was checked the next day. Although lower catalyst loadings than (0.5 

mol %) were viable for the reaction in the case of 2, the reaction was only consistently 

reproducible when a 1 mol % loading was used. Based on the integration of the α CH2 in 

hexanol moieties and β CH2 in hexanoate moieties, the metathesis proceeded to at least 98% 

completion. Ethyl ethanoate, which is not observed by GC/FID or GC/MS, is easily detected 

here and in all subsequent NMR experiments.  

 

 

Figure S1. 
1
HNMR of ethyl hexanoate 10 metathesis with catalyst 2. 
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Figure S2. Expansion of 

1
HNMR of ethyl hexanoate 10 reaction with 2. 

 

Synthesis of D2benzylhexanoate 46 and subsequent scrambling experiment.  

 

Synthesis of D2 benzylic alcohol (Procedure adapted from earlier work)
2 

 

 
 

Under an argon atmosphere, 1 mL of benzyl alcohol was mixed with 100 equiv of deuterated 

water (18.5 mL) in a Schlenk tube, and 1 mol % of NaOH (~4 mg) and 0.1 mol % of 

RuMACHO catalyst (5.4 mg) were added. The tube was closed and heated at 80 
o
C for 24 h, 

with periodic shaking in order to remove condensation from walls. After one day, the product 

was extracted with ether (2 x 20 mL), washed with water, concentrated NaHCO3, and 

concentrated NaCl solution, dried over anhydrous MgSO4, filtered and concentrated to obtain 

pure D2-benzylalcohol which was used in the next step after NMR confirmation.  

 

Synthesis of D2 benzyl hexanoate 46: 

OH

DD

2.0 mmol

Hexanoic acid (2.0 mmol),

EDC.HCl (2.4 mmol),

DMAP (0.2 mmol), CH2Cl2,

40 h, 92%

O

DD O

46
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To a solution of hexanoic acid (232.3 mg, 2.0 mmol), EDC.HCl (460 mg, 2.4 mmol), and 

DMAP (24.4 mg, 0.2 mmol) in CH2Cl2 (6 mL) was added benzyl alcohol (220 mg, 2.0 mmol). 

After 40 h, chloroform (20 mL) and water (20 mL) were added and the layers were separated. 

The aqueous layer was extracted with chloroform (20 mL) and the combined organic layers 

were washed with brine (50 mL), dried over MgSO4, and concentrated under reduced 

pressure. The crude product was purified by column chromatography (hexane : ethyl acetate 

= 98 : 2) to give the product as a colorless liquid (92% yield). 
1
H NMR (400MHz, CDCl3) δ 

0.87 (t, J = 6.8 Hz, 3H), 1.26-1.31 (m, 4H), 1.58-1.67 (m, 4H), 2.33 (t, J = 7.2 Hz, 2H), 7.32-

7.35 (m, 5H) 
13

CNMR (100 MHz, CDCl3) δ 13.9, 22.3, 24.6, 31.3, 34.3, 65.5, 128.1, 128.2, 

128.5, 173.6. 

 

Synthesis of benzyl hexanoate 47:
3 

 

O

O

47  
 

The title compound was prepared according to the procedure for the D2-benzyl hexanoate. 

The product was obtained as a colorless liquid (96% yield). 
1
H NMR (400MHz, CDCl3) δ  

0.87 (t, J = 6.8 Hz, 3H), 1.37-1.25 (m, 4H), 1.63 (quint, J = 7.6 Hz, 2H), 2.33 (t, J = 7.6 Hz, 

2H), 5.10 (s, 2H), 7.28-7.37 (m, 5H). 

 

Deuterium scrambling experiment. 

 

 
 

 

The experiment was done as described above for a catalytic ester metathesis except with D2-

benzyl acetate 46 and normal benzyl acetate 47 as substrates in J-Young NMR tubes. 1 

mol % of catalyst 3 was used and heating was stopped after 16 hours. With the para-H peaks 

of benzoate products used as the standard and comparing the two reactions, the deuterated 

substrate showed that scrambling occurred into the β CH2 to the same extent as onto the α 

CH2 of the hexyl moieties. Although careful integration of the NMR makes it difficult to say 

that the scrambling is statistical, it is unambiguously present to a large extent. We argue that 

this is due to the presence of hexyl aldehyde, which is capable of undergoing keto-enol 

tautomerism and subsequent H/D scrambling through activation of the OH bond by a metal 

intermediate. Other hydrogen bonds, including those on the phenyl ring of the benzyl moiety, 

are unaffected.  



8 

 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

 
Figure S3. 

1
H NMR of benzyl hexanoate 47. 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

 

Figure S4. 
1
H NMR of D2-benzyl hexanoate 46. 
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5

 
Figure S5. 

1
H NMR of benzyl hexanoate 47 after metathesis reaction 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0

 
Figure S6. 

1
H NMR of D2-benzyl hexanoate 46 after metathesis reaction. β CH2 of hexanol 

at ~1.5ppm (minor overlap with catalyst peaks) and of hexanoate at ~2.2ppm. α CH2 of 

hexanol at 4.0-4.3ppm. α CH2 of benzyl alcohol at 5.0-5.2ppm. 
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Kinetic NMR experiments with benzyl acetate 19 

A series of reactions were set up that varied the concentration of the catalyst with a 

constant concentration of benzyl acetate substrate of 1.57mmol in 0.6 mL of C6D6 (0.26M, 

223µL.). The catalyst was mixed together with 1.2 equiv. of KO
t
Bu base in a J-Young NMR 

tube, solvent was added followed by the substrate. Afterwards, the kinetic experiment was 

started as soon as possible at 50 
o
C in the JEOL ECZS instrument, typically within half an 

hour after mixing. The reaction was followed for 4.5 hours.  

The amounts of catalyst, as well as the initial reaction rate as calculated based on the 

appearance of ethyl acetate as the representative product, are given in the table below (Table 

S1). The first 50 minutes of heating were used to obtain the data. While the results are 

preliminary, they suggest that the rate is complex in catalyst. It increases as the concentration 

is increased but above 0.5 mol % catalyst to substrate, it begins to decrease. A similar effect 

is also seen in the stoichiometric experiments where 2:1 or 1:1 mixtures of catalyst to 

substrate react very sluggishly, but the rate is increased upon the addition (5 more equivalents) 

of substrate. The optimum amount of catalyst to substrate, as far as reaction rate is concerned, 

seems to be between 0.4 and 0.5 mol %. 

When looking beyond initial data points, the most important finding is that the 

symmetrical products ethyl acetate and benzyl benzoate follow a first order rate law of 

appearance at the beginning of the reaction representative first order rate law curves are given 

below for one reaction (Figures S7-S12). In the latter parts of the reaction this cannot hold, as 

equilibrium kinetics become more important. The rate law for the appearance of 

unsymmetrical product ethyl benzoate is complex, and there is an effective induction period 

(Figure S11). Since this product is more thermodynamically stable than the starting material 

and the symmetrical isomers (see DFT results below), we conclude that the reaction is under 

kinetic control. Stoichiometric experiments with a lower amount of ester confirm that ethyl 

benzoate will be the major product after long reaction times (see Stoichiometric NMR 

experiments below).  

The concentration of the 
–
O

t
Bu ion which is present in a 5x excess to the catalyst, is 

not sufficient to cause transesterification, the base catalyzed exchange of alcohol moieties 

between esters, and interfere with the overall result. Even at the highest concentration, ethyl 

benzoate followed the same complex rate of appearance while the other products fit well 

within a first order curve. We can conclude that transesterification is not a significant reaction 

as otherwise the mixture of products would be equal or the curve for ethyl benzoate 

appearance would differ significantly from the curves obtained at lower concentration.  

 

Table S1. Amounts of catalyst 3 used in kinetic experiments with initial rates calculated 

based on EtOAc appearance from excel’s linear regression function. Integration obtained 

from JEOL’s Delta NMR software. Reactions carried out in 0.6 mL of C6D6 and a constant 

concentration of benzyl acetate of 0.26M; heating at 50 
o
C with measurement intervals of 5 

minutes. 

 

Mol % Cat Initial rate M (cat) 

0.15 2.09 0.004 

0.3 2.82 0.008 

0.4 7.79 0.011 

0.5 8.98 0.013 

0.6 4.50 0.016 
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X : parts per Million : Proton

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

Y
 :
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   3.0000

  13.0000

  23.0000

  33.0000

  43.0000

 
Figure S7. Kinetics with 1.5 mg of 3. 

1
HNMR whole spectrum. 

X : parts per Million : Proton

5.3 5.2 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6

Y
 :

 a
b
u

n
d
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n
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 :
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m

_
ti

m
e
_

p
o

in
ts

   4.0000

  13.0000

  22.0000

  31.0000

  40.0000

  49.0000

 
Figure S8. Kinetics with 1.5 mg of 3 and 19. 3.85ppm ethyl acetate α CH2 of ethanol; 

4.1ppm ethyl benzoate α CH2 of ethanol; 4.90ppm benzyl acetate α CH2 of benzyl alcohol; 

5.13ppm benzyl benzoate α CH2 of benzyl alcohol. 
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Figure S9. Appearance of α CH2 of ethyl acetate with 1.5 mg of 3. 50 

o
C; measurements 

every 5 minutes.  

 
Figure S10. Appearance of α CH2 of ethyl acetate with 3.0 mg of 3. 50 

o
C; measurements 

every 5 minutes.  

 
Figure S11. Appearance of α CH2 of ethyl benzoate with 3.0 mg of 3. 50 

o
C; measurements 

every 5 minutes.  

 
Figure S12. Appearance of α CH2 of benzyl benzoate and with 3.0 mg of 3. 50 

o
C; 

measurements every 5 minutes.  
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Kinetic NMR experiments with ethyl benzoate 20 

Only one experiment was performed with 20 in order to confirm the findings seen in the 

kinetic experiments performed on the mirror substrate 19. From the experiments with benzyl 

acetate, it was determined that the optimum rate would be reached at ~4 mg. of catalyst in 0.6 

mL of C6D6 with a 250 excess of ethyl benzoate (0.26M as above, 228 µL.). The reactants 

were mixed together with 1.2 equiv. of KO
t
Bu (4mg) in a Young tube and the kinetics were 

followed every 5 minutes at 50 
o
C (Figure S13). We could confirm that the symmetrical 

products benzyl benzoate and ethyl acetate appeared at the same rate (Figures S14, S16) and 

the rate of appearance of the unsymmetrical 19 was significantly slower (Figure S15). The 

reaction was too close to equilibrium for close curve fitting after one hour. Due to the starting 

material 20 being more thermodynamically stable than 19 and when compared to both 

symmetrical products, it was the most abundant compound present at the end of the reaction; 

as can be seen from the slowed rate for appearance of 19 after ~3h. This situation would 

persist indefinitely. 

X : parts per Million : Proton

6.05.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3

Y
 :

 a
b
u

n
d

an
ce

 :
 n

u
m

_
ti

m
e_

p
o

in
ts

   1.0000

   6.0000

  11.0000

  16.0000

  21.0000

  26.0000

  31.0000

  36.0000

 
Figure S13. Kinetics with 4.0 mg of 3 and 20. 3.85ppm ethyl acetate α CH2 of ethanol; 

4.1ppm ethyl benzoate α CH2 of ethanol; 4.90ppm benzyl acetate α CH2 of benzyl alcohol; 

5.13ppm benzyl benzoate α CH2 of benzyl alcohol. 

 
Figure S14. Appearance of α CH2 of ethyl acetate with 4.0 mg of 3. 50 

o
C; measurements 

every 5 minutes.  



14 

 

 
Figure S15. Appearance of α CH2 of benzyl acetate with 4.0 mg of 3. 50 

o
C; measurements 

every 5 minutes.  

 
Figure S16. Appearance of α CH2 of benzyl benzoate and with 4.0 mg of 3. 50 

o
C; 

measurements every 5 minutes.  

 

Stoichiometric NMR experiments 

1) Activation of the pre-catalyst complex 3 

10 mg of 3 (0.016 mmol) was mixed together with 2 mg of KO
t
Bu (0.018 mmol) in a 

J-Young NMR tube. 0.6 mL of C6D6 was added. The mixture turned a light green color and a 

complex mixture of complexes is observed (Figure S17). After heating for 3 hours at 50 
o
C, 

the mixture turns a dark brown and most of the signals broaden (Figure S18). There are 

several trace hydrides at ~ -15ppm. 

It’s not surprising that the NMR pattern is complex, since 3 is known to be a mixture 

of isomers.
2
 After deprotonation by base, the Cl

-
 ligand is lost leading to the possibility of 

forming dimeric complexes and possibly complex equilibria. However, experiments 

described below allow us to conclude that the minor hydrides that we do see are side-

products that are not active in the metathesis reaction. Addition of substrates to either the 

early green solution or the brown solution, does not change the outcome or the rate of these 

reactions.  
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Figure S17. 

1
H NMR of 3, soon after mixing with KO

t
Bu in C6D6. 

 

 
Figure S18. 

1
H NMR of 3, 3 hours after mixing with KO

t
Bu in C6D6 and heating at 50 

o
C. 

 

2) Reaction of activated 3 with benzyl acetate 19 

 

Adding 0.5 equiv. of benzyl acetate 19 to activated complex 3 (10 mg in 0.6 mL of 

C6D6 activated with 2 mg of KO
t
Bu ) surprisingly does not lead to a fast metathesis reaction. 

Even after standing for three hours at room temperature and ten minutes of heating at 50 
o
C, a 

very small amount of metathesis is seen (Figure S19). Adding the ester substrate to the brown 

mixture, does not affect the hydride pattern, but does lead to metathesis. In case of the green 

mixture, a new minor hydride pattern is generated upon addition of ester, but the metathesis 

reaction still occurs without a change in that second pattern. This does not prove that hydrides 

are not involved in metathesis, but along with them being present as trace species, makes it 

highly unlikely. The slow rate of metathesis when only 0.5 equiv. of 19 are used can be 

contrasted with the kinetic experiments where at the higher concentration of catalyst, already 

a few TONs are observed at room temperature (~200 equiv. of substrate) before reaction 

heating is started. Adding another 0.5 equiv. of benzyl acetate does not increase the slow 
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reaction rate, however it can be verified that the ester is not affected by the complexes, as the 

intensity of the signals of the ester changes by two times with respect to C6D6. It is thus 

unlikely that decomposition of the ester as a sacrificial substrate is necessary to generate the 

active species for metathesis (Figure S20). 

After letting this mixture stand for 12 hours overnight at ambient temperature, NMR 

shows that complete metathesis has taken place. The major ester present is ethyl benzoate 20, 

which is the thermodynamic product (Figure S21). After adding 5 more equivalents of benzyl 

acetate and letting the solution stand at r.t. for three hours, complete metathesis is seen, 

although the product distribution is more equal (Figure S22). This can be contrasted to using 

only 0.5 equiv. of ester, where three hours at r.t. resulted in a very slow reaction. Increasing 

the ester concentration when ester concentration is initially close to that of the catalyst, thus 

increases the rate of catalysis. Heating the reaction with now 6 equivalents of ester total for 

another 2 hours at 50 
o
C, regenerates the distribution pattern where 20 is the major product. 

 
 

 Figure S19. 
1
H NMR of 3 with 0.5 equiv of benzyl acetate after 10 minutes of heating at 50 

o
C. 3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 

of ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α 

CH2 of benzyl alcohol. 
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Figure S20. 

1
H NMR of 3 with 1equiv of benzyl acetate after 10 minutes of heating at 50 

o
C. 

3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of 

ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 

of benzyl alcohol. 
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Figure S21. 

1
H NMR of 3 with 1equiv of benzyl acetate after overnight at r.t. 3.90ppm 

quartet ethyl acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of ethanol; 

4.95ppm benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 of benzyl 

alcohol. 
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Figure S22. 

1
H NMR solution from Figure S17 after adding 5 more equiv of benzyl acetate 

and leaving at r.t. for 3 hours. 3.90ppm quartet ethyl acetate α CH2 of ethanol; 4.1ppm 

quartet of ethyl benzoate α CH2 of ethanol; 4.95ppm benzyl acetate α CH2 of benzyl alcohol; 

5.17ppm benzyl benzoate α CH2 of benzyl alcohol.  

 

3) Reaction of activated 3 with ethyl benzoate 20 

In order to have one parallel reaction to the stoichiometric experiment carried out with 

19, Activated complex 3 (10 mg in 0.6 mL of C6D6 activated with 2 mg of KO
t
Bu ) was used 

with 6 equiv. of 20 (13.6 µL). After 15 minutes at room temperature, only trace signals of 

metathesis products can be observed (Figure S23), with ethyl acetate α CH2 signal being 

obscured by the carbon satellites of the starting material. After 4.5 hours of heating at 50 
o
C, 

metathesis is observed (Figure S24), however the amount of the products is a lot less than 

that observed in Figures S13-S16, where 250 equiv. of 20 were used and the corresponding 

concentration of the ester was a lot higher. 

  

 
 

 

Figure S23. 
1
H NMR of 3 with 6 equiv. of 20, 15 minutes after mixing at r.t.  3.90ppm 

quartet ethyl acetate α CH2 of ethanol obscured by carbon satellite of 20; 4.1ppm quartet of 

ethyl benzoate α CH2 of ethanol 
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Figure S24. 

1
H NMR of 3 with 6 equiv. of 20, 4.5 hours after heating.  3.90ppm quartet ethyl 

acetate α CH2 of ethanol; 4.1ppm quartet of ethyl benzoate α CH2 of ethanol; 4.95ppm 

benzyl acetate α CH2 of benzyl alcohol; 5.17ppm benzyl benzoate α CH2 of benzyl alcohol. 

 

4) Reaction of activated 3 with benzyl benzoate 18 

 

As in the above case with benzyl acetate, the symmetrical substrate benzyl benzoate was 

added in the same amounts of 0.5 equiv., another 0.5 equiv., and finally 5 equiv. The 

intervals between additions and the heating periods were the same as the reactions were done 

in parallel. The symmetrical substrate cannot show any metathesis and the reaction was done 

to confirm that the complex generates the same pattern of signals during the course of the 

reaction and that there is no significant decomposition from an interaction of the ester and the 

metal complex in order to generate a presumably active species. The intensity of the benzylic 

protons follows the order of addition when compared to C6D6 and is not degraded after 

heating periods.  
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Mechanistic Conclusions 
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Figure S25. Mechanistic Figure from the main text with deuteration experiment included. 

Pathways C and D are I and II respectively in the main text. 
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The experiment on 2D-benzylhexanoate 46 gave deuteration in the β carbon position 

of the hexyl moiety to an equal extent with all the α carbons. It is known that this scrambling 

can occur in aldehydes via the intermediacy of keto-enol tautomerism, which can be 

catalyzed by bases, though an ester enolate cannot be ruled out as the mechanism for 

scrambling the label into the β position. The presence of an intermediate aldehyde that can be 

captured by another reactant has been assumed in the synthesis of olefins from alcohols.
4,5

 

The evidence suggests the intermediacy of aldehyde or alcohol-like species that are either 

free in solution or are bound to the complex, and rules out the one-center pathway A. 

Although pathway A can also be ruled out via the kinetic experiments, as the unsymettrical 

product should appear much more rapidly than the symmetrical esters and this is not the case.  

Path B involves the separation of the ester into component parts: free aldehydes in 

solution which are then reformed, resulting in the appearance of the products. However, free 

aldehydes are not detected as trace species via 
1
H NMR or by sampling the reaction mixture 

by GC/MS. A previous mechanistic report with the Milstein catalyst system also showed that 

free aldehyde will coordinate rapidly to the activated Ru species, and the resulting complexes 

are believed to be intermediates in catalytic alcohol dehydrogenative coupling.
6
 Also, all 

products should form in equal rates if pathway B is followed, but this is not the case. 

We could not differentiate between pathways B and C (pathway I in the main text) by 

stoichiometric experiments as we do not observe changes in the complex organometallic 

mixture when reacting activated complex 3 and 1 or 20. Either free aldehyde or alcohol 

cannot be ruled out, but they were not present in sufficient amounts to be observed by NMR, 

although metathesis is observed. However, the kinetic experiments lead us to propose 

pathway C as the active mechanism. As mentioned above in ruling out pathways A and B, 

when reacting 3 and 19, we can see that the two symmetrical products ethyl acetate and 

benzyl benzoate appear at equal rates following pseudo first-order kinetics, much more 

rapidly than the unsymmetrical product 20, which has an infective ‘induction period’ before 

starting to appear in the reaction. 

Pathway C is involves one part of the ester remaining coordinated to the Ru complex, 

while the other is released as an alkoxy species. 20 is more stable than 19 by ~1.8 kcal/mol 

and is ~1.0kcal/mol more stable than the two symmetrical species (see SI for gas phase DFT 

results). After long reaction times, 20 is the major species present in the reaction mixture as 

expected from thermodynamics. Moreover, when the reverse reaction is performed, with 20 

as the starting material, the symmetric products also appear at the same rate and faster than 

unsymmetrical product 19. While the reverse reaction now does follows the thermodynamic 

profile, it is also the exact mirror of the reaction with 19, which does not.  

Initial rates in catalyst found that the rate is complex and rises slowly until ~0.4mol% 

of catalyst, after which it begins to decrease. Most dramatically, a reaction with 18mol% of 

catalyst and 20 showed significantly slower activity (~30% metathesis efficiency after 4.5 

hours at 80
o
C) than a reaction set up with only 0.4mol% catalyst (full metathesis after 4.5 

hours at 50
o
C). The same decrease of activity was observed when performing the reaction 

with 19 as the starting ester. A pictorial explanation for how symmetrical products might be 

preferred in pathway C, and why free ester accelerates the reaction, is presented in the bottom 

panel of Figure S25. Both the concentration of free ester and the amount of active catalyst are 

important in the reaction. As presented, if the first step is reversible, there is a maximum 

catalyst loading beyond which the rate should not increase. 

Symmetrical products are formed initially according to this pathway, and the 

unsymmetrical product can be generated when the catalyst subsequently reacts with these 

symmetrical products. In the case of 20 as starting material, 19 can be generated after 

reaction between the catalyst and ethyl acetate. Importantly, an acyl Ru species that is 

suggested by the mechanism also helps explain the rapid deactivation of the catalyst when 
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methyl esters are involved, as this pathway would lead to covalently bound HCO-Ru that is 

easily converted to CO. It is unlikely that these types of organometallic species (RCO-Ru) 

would be tolerant of other functional groups as well.  

It is also possible that a trace amounts of catalyst converted to a dihydride complex is 

active in the metathesis reaction by converting the ester into alcohol constituent parts (i.e. 

ester hydrogenation occurs, followed by dehydrogenative alcohol coupling) according to 

pathway D (pathway II in the main text). The trace dihydride species can be generated from 

dehydrogenation of ester; or from trace impurities. However, esters where dehydrogenation is 

highly unlikely, such as an aryl/aryl ester, and 19 or 20 (Table 3, entries 4-5) on which kinetic 

experiments were done, did not decompose to a detectable extent even at high catalyst 

concentration, and showed no interaction with the active catalyst even at stoichiometric 

loadings on the NMR timescale, suggesting that impurities or ester CH activation can be 

ruled out in the one component metathesis reaction. 

On the other hand, in the hydrogenation reaction where ethanol or other alcohols are 

used, the dihydride complex can easily form from ethanol, even at -80
o
C as reported by 

Milstein.
6
 Adding one equivalent of benzyl alcohol to activated catalyst 3 at room 

temperature does lead to what is apparently a coordinated aldehyde complex with two broad 

peaks at 2.6 and 4.6ppm, but no benzyl benzoate product. Benzyl alcohol retards the rate of 

the metathesis reaction in comparison to an NMR reaction set up without benzyl alcohol. 

Adding 5 eq. of 19 to this mixture and heating for 50
o
C for one hour leads a measurably 

slower rate of metathesis compared to a mixture with the same concentration of all reactants, 

but without benzyl alcohol. This result helps explain the experimental finding that 

hydrogenation with benzyl alcohol gives poorer results than hydrogenation with ethanol.  

Even if a dihydride complex does not form upon the addition of ethanol, free 

hydrogen is released in the ethanol coupling reaction to form ethyl acetate, where the first 

turnover is observed even at low temperatures.
6
 The presence of free H2 from excess alcohol 

in the closed reaction system opens up an opportunity for Ru dihydride complex formation 

in-situ. An alternative pathway may thus be available for ester scrambling during the 

hydrogenation reaction. The activity of some substrates in hydrogenation that proved to be 

inactive in metathesis, as well the dramatic improvement in the activity of catalyst 4, suggests 

that both pathways C and D can be active in transfer hydrogenation of esters, and it is likely 

that only pathway C is active in one-component ester metathesis.  

A final note must be made on the trans-esterification reaction catalyzed by KO
t
Bu 

where two esters react according to the following equation: R1COOR2 + R3COOR4 -> 

R1COOR2 + R3COOR4 + R1COOR4 + R3COOR2. This reaction has been described 

previously.
7
 This is a completely different reaction from the one described by us as no 

reduction or oxidation of R1-R4 fragments takes place. It is true that rapid trans-esterification 

can facilitate scrambling once metathesis has occurred, and pathway C requires attack of a 

primary alkoxide on an ester to generate another primary alkoxide, which is immediately 

consumed by the Ru intermediate. There is an excess of a tertiary alkoxide in the reaction 

mixture, however under our reaction conditions this 
-
O

t
Bu catalyzed transesterification is not 

as rapid as metathesis at 80
o
C. This can be seen in the GC traces for the transfer 

hydrogenation of esters, for example Figure S46 in the SI, where significant amounts of hexyl 

ethanoate are detected in the presence of a large excess of ethanol and some extra equivalents 

of KO
t
Bu. Most importantly, we found no change in the metathesis reaction outcome when 

using KHMDS, a very bulky base that is very unlikely to participate in trans-esterification, 

when compared to KO
t
Bu. 
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DFT energies and optimized geometries (Cartesian coordinates) 

 

Benzyl Acetate   

 
 C  -0.40512506 -0.60763873 -0.44748291  

 C  0.91792360 0.10836580 -0.41067908  

 H  0.85986648 1.10030188 -0.88106929  

 O  1.30058547 0.28353672 0.99162179  

 C  2.50604524 0.89236956 1.18459132  

 C  -0.45786843 -2.01039917 -0.39257613  

 C  -1.68669050 -2.67776999 -0.41742976  

 C  -2.87914643 -1.94783975 -0.50209768  

 H  1.70972287 -0.46451535 -0.91447642  

 C  2.81059938 1.01555191 2.66110067  

 O  3.22109690 1.27412522 0.27677648  

 H  3.77940366 1.50729827 2.79236228  

 H  2.82765128 0.01986795 3.12630964  

 H  2.02277539 1.59646938 3.16103756  

 C  -2.83701446 -0.54966423 -0.56054761  

 C  -1.60597779 0.11502277 -0.53295612  

 H  0.47160479 -2.58115466 -0.33090756  

 H  -1.71436567 -3.76818422 -0.38060734  

 H  -3.83814317 -2.46802111 -0.52990423  

 H  -3.76307324 0.02334753 -0.63251080  

 H  -1.57409232 1.20594920 -0.58140280  

Benzyl Benzoate 

 
 C  1.08699144 -0.63256646 -0.97871969  

 C  2.52743151 -0.80545030 -0.56194733  

 H  3.18263070 -0.09371253 -1.08034616  

 O  2.69737017 -0.62287970 0.88165637  

 C  3.02441255 0.63371949 1.29753902  

 C  0.21214396 -1.73169559 -0.97771871  

 C  -1.12625759 -1.57653001 -1.35451124  

 C  -1.60259893 -0.31696814 -1.73856363  

 H  2.86900049 -1.83303230 -0.74164447  

 C  3.16643624 0.71151855 2.78442480  

 O  3.18689259 1.57964597 0.54169205  

 C  3.50697583 1.95480235 3.34532070  

 C  3.65453580 2.08295328 4.72803677  

 C  3.46424996 0.97086437 5.55939347  

 C  -0.73651772 0.78379946 -1.74548134  

 C  0.60164540 0.62801855 -1.36812946  

 H  0.58467660 -2.71590705 -0.68334502  

 H  -1.79673375 -2.43779460 -1.35176401  

 H  -2.64606131 -0.19432618 -2.03420464  

 H  -1.10344210 1.76605120 -2.04864956  
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 H  1.27939917 1.48347750 -1.36421620  

 C  3.12449114 -0.26963732 5.00420221  

 C  2.97513333 -0.40297090 3.62072156  

 H  3.64945136 2.80654376 2.67929936  

 H  3.91795159 3.05013518 5.15904128  

 H  3.58048902 1.07105213 6.64008311  

 H  2.97454695 -1.13560422 5.65102346  

 H  2.70939560 -1.36519046 3.18441930  

Ethyl Acetate 

 
    14  

 C  -0.61340347 -0.44730613 0.07378975  

 C  0.61302004 0.43777972 0.05464133  

 O  0.65776868 1.57755490 -0.36918082  

 O  1.69294010 -0.22028842 0.56483431  

 C  2.94012946 0.53170527 0.55870282  

 H  -0.69023838 -0.99300803 1.02304863  

 H  -0.53337417 -1.19257183 -0.73192322  

 H  -1.50567582 0.16454872 -0.09292685  

 C  4.01593409 -0.36087427 1.15114584  

 H  2.79664411 1.45212920 1.14360709  

 H  3.16802541 0.82380997 -0.47706794  

 H  4.97511936 0.17691083 1.16039792  

 H  4.14113460 -1.27698313 0.55734683  

 H  3.77035397 -0.64434379 2.18404732  

 

Ethyl Benzoate 
 C  0.12167731 -0.29031154 -1.12638516  

 C  0.46637712 0.39218966 0.19025819  

 O  1.89470520 0.65827425 0.29260418  

 C  2.65822223 -0.35575153 0.79014352  

 C  4.10829793 0.00712038 0.84461914  

 O  2.20446123 -1.43066217 1.15111676  

 C  4.59105212 1.25776019 0.41897180  

 C  5.95835169 1.53885434 0.49193092  

 C  6.84917635 0.57794113 0.98749820  

 C  6.37067582 -0.66870068 1.41259137  

 C  5.00545626 -0.95395601 1.34230040  

 H  0.46462789 0.30808274 -1.98200334  

 H  -0.96974281 -0.40767113 -1.20384703  

 H  0.57738268 -1.28766704 -1.18044722  

 H  0.16063817 -0.21970356 1.04953432  

 H  0.00373555 1.38548626 0.26240806  

 H  3.89423110 2.00097310 0.03280460  

 H  6.33028193 2.50976664 0.16051218  

 H  7.91631309 0.80068311 1.04261461  

 H  7.06310977 -1.41775686 1.80009318  

 H  4.61009537 -1.91669527 1.66830932  
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number Compound ZPVE(kcal/mol) E(Hartrees) E(kcal/mol) E0(Hartrees) E0(kcal/mol) G(kcal/mol) 

A 

ethyl 

acetate 71.7036 -59.53448 -37364.37546 -59.420214 -37292.66109 50.94 

B 

benzyl 

acetate 103.9837 -89.099852 -55919.86901 -88.934143 -55815.86855 79.7341 

C 

ethyl 

benzoate 104.6466 -89.103976 -55922.45727 -88.937212 -55817.79469 81.5611 

D 

benzyl 

benzoate 137.1105 -118.670021 -74478.37321 -118.451522 -74341.24127 110.2215 

        

        

        

        

 

 

Computational details.  

 

Theoretical calculations in this work have been performed using density functional theory 

(DFT) method,
8
 specifically functional PBE,

9
 implemented in an original program package 

“Priroda”.
10,11

 In PBE calculations relativistic Stevens-Basch-Krauss (SBK) effective core 

potentials (ECP)
12

 optimized for DFT-calculations have been used. Basis set was 311-split 

for main group elements with one additional polarization p-function for hydrogen. Full 

geometry optimization has been performed without constraints on symmetry. For all species 

under investigation frequency analysis has been carried out. All minima have been checked 

for the absence of imaginary frequencies. 
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GC/FID spectra of metathesis and hydrogenation reactions 

 

 
 

 
 

% efficiency of metathesis calculated based on the difference between two esters 11 and 10 

with respect to internal standard and conversion factor. 

 

Figure S26. GC chromatograph (Table-1, entry-1) 
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% efficiency of metathesis calculated based on the difference between two esters 11 and 10 

with respect to internal standard and conversion factor. 

 

Figure S27. GC chromatograph (Table-1, entry-2) 
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% efficiency of metathesis calculated based on the difference between two esters 11 and 10 

with respect to internal standard and conversion factor. 

 

Figure S28. GC chromatograph (Table-1, entry-3) 
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As 11 is ≥ than starting material 10, % efficiency is quantitative 

 

Figure S29. GC chromatograph (Table-1, entry-4) 
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As 11 is ≥ than starting material 10, % efficiency is quantitative 

 

Figure S30. GC chromatograph (Table-1, entry-5) 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

C5H11 O

O

C5H11 O

O

3 (0.2 mol%),

KOtBu (5 mol%),

80 oC, 16h, toluene
C5H11 O C5H11

O

O

O

O C5H11

O

10 11 1210 13  
 

 
 

 

 

% efficiency of metathesis calculated based on the difference between two esters 11 and 10 

with respect to internal standard and conversion factor. 

 

Figure S31. GC chromatograph (Table-1, entry-6) 
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% efficiency of metathesis calculated based on the difference between two esters 11 and 10 

with respect to internal standard and conversion factor. 

 

Figure S32. GC chromatograph (Table-1, entry-7) 
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Figure S33. GC chromatograph (Table-2, Entry-1) 
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Metathesis efficiency is 99% due to benzyl benzoate being ~26% (should be 25). Pentyl 

benzoate 15, the starting material, is more stable than benzyl pentanoate 16, so efficiency 

cannot be measured from taking the difference of the two mixed aryl/alkyl esters.   

 

Figure S34. GC chromatograph (Table-2, Entry-3) 
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As 20 is ≥ than starting material 19, % efficiency is quantitative 

 

Figure S35. GC chromatograph (Table-2, Entry-4) 
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As 22 is ≥ than starting material 21, % efficiency is quantitative 

 

Figure S36. GC chromatograph (Table-2, Entry-5) 
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Conversion factor for hexanol 26 with respect to mesitylene is 0.65 

 

Figure S37. GC chromatograph (Table-3, Entry-1) 
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Figure S38. GC chromatograph (Table-3, Entry-2) 
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Figure S39. GC chromatograph (Table-3, Entry-3) 
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Figure S40. GC chromatograph (Table-3, Entry-4) 
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Figure S41. GC chromatograph (Table-3, Entry-5) 
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Figure S42. GC chromatograph (Table-3, Entry-6) 
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Figure S43. GC chromatograph (Table-3, Entry-7) 
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Figure S44. GC chromatograph (Table-3, Entry-8) 
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Figure S45. GC chromatograph (Table-3, Entry-9) 
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Conversion factor for hexanol 26 was determined to be 0.65 

 

Figure S46. GC chromatograph (Table-4, Entry-1) 
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Conversion factor for benzyl alcohol 27 was determined to be 0.95 

Figure S47. GC chromatograph (Table-4, Entry-2) 
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Figure S48. GC chromatograph (Table-4, Entry-3) 
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Figure S49. GC chromatograph (Table-4, Entry-4) 
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Conversion factor used for undecanol was hexanol conversion factor multiplied by 2. 

 

Figure S50. GC chromatograph (Table-4, Entry-5) 
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Conversion factor for benzyl alcohol was determined to be 0.95 

 

Figure S51. GC chromatograph (Table-4, Entry-6) 
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Figure S52. GC chromatograph (Table-4, Entry-7) 
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Conversion factor for product diol 32 was determined to be 0.84.  

 

Figure S53. GC chromatograph (Table-4, Entry-8) 
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Yield of hexadecanol divided by conversion factor 3.00 and further divided by 3 

(triglyceride). 

 

Figure S54. GC chromatograph (Table-4, Entry-9) 
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Hexadecanol conversion factor 3.00 was used, and product was further divided by three 

(triglyceride) 

 

 

Figure S55. GC chromatograph (Table-4, Entry-10) 
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Conversion factor used was based on ethyl-3N,N-dimethylamino propionate (0.67). Only 

trace starting material observed 

 

 

Figure S56. GC chromatograph (Table-4, Entry-11) 
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Conversion factor for furfuryl alcohol 42 is 0.62; only trace starting material is observed. 

Runs had to be performed in ethyl acetate as furfuryl alcohol retention time overlaps with 

acetone (solvent used for all other runs) homocoupling product. 

 

Figure S57. GC chromatograph (Table-4, Entry-14) 
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Figure S58. GC chromatograph (Table-4, Entry-15) 
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Conversion factor for product was determined to be 0.73 

Figure S59. GC chromatograph (Table-4, Entry-16) 
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