Table 2.  1H-NMR data for ABX system (plus aryl-H5) in open warfarin (1a) and open derivatives 2, 3 in various solvents (298 K).
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	proton chemical shifts
 (δ, ppm)
	coupling constants (Hz)

	solvent/species
	CH3
	OCH3
	HA a
	HB
	HX
	H5
	Jax
	Jbx
	Jgem

	CDCl3
	

	1a
	2.268
	-
	3.834
	3.300
	4.699
	7.924
	9.99
	2.69
	19.40

	1a [26] c
	2.24
	-
	3.85
	3.25
	4.70
	b
	8.8
	4.0
	18

	2 
	2.175
	4.039
	3.881
	3.226
	4.981
	7.654
	9.28
	5.8
	18.0

	2 [26] c
	2.14
	4.00
	3.87
	3.27
	4.95
	b
	9.2
	5.7
	18.0

	2 [67]
	2.1
	4.02
	3.90
	3.21
	4.97
	~ 7.7
	b
	b
	b

	3
	2.126
	4.103
	3.682
	3.295
	4.863
	8.142
	8.9
	6.6
	17.0

	3 [26]
	b
	b
	3.64
	3.26
	4.84
	b
	8.9
	6.8
	16.9

	3 [67]
	2.10
	4.12
	3.71
	3.30
	4.82
	8.15
	b
	b
	b

	CD3OD
	

	1a
	2.142
	-
	3.642
	3.393
	4.946
	7.931
	8.13
	5.21
	16.92

	2
	2.157
	3.950
	3.627
	3.385
	4.951
	7.729
	8.50
	6.64
	17.95

	3
	2.011
	4.018
	3.374
	3.228
	4.754
	7.913
	7.44
	7.44
	17.07

	d6-DMSO
	

	1a d
	2.106
	-
	3.438
	3.395 
	4.922
	8.004
	8.21
	7.12
	17.94

	1a [27]
	2.14
	-
	3.45
	b
	4.98
	b
	b
	b
	b

	1a [34]
	2.12
	-
	3.42
	b
	4.92
	8.0
	b
	b
	b

	2 
	2.160
	3.954
	3.478
	3.445
	4.890
	7.792
	7.66
	7.06
	17.99

	3
	2.110
	4.150
	3.420
	3.338
	4.814
	8.016
	7.80
	7.72
	18.29


a)  HA defined as more downfield of the diastereomeric Hs; b) studied but not observed, analyzed or reported; c) 310 K;  d) ABX systems analyzed where ΔυAB < 15 Hz. 
Table 3. 13C-NMR chemical shifts for open (S)-warfarin (1a) and its open methyl ethers (coumarin 2, chromone 3) in two solvents, 298 K. 

[image: image2.wmf]2

4

5

4a

8

8a

9

11

13

16

19

2

4

5

4a

8

8a

9

11

13

16

19

1a, 2

3

O

C

H

3

O

C

H

3

O

O

H

O

O

O

O

H

O

O

2

4

5

4a

8

8a

9

11

13

16

19

2

4

5

4a

8

8a

9

11

13

16

19

1a, 2

3

O

C

H

3

O

C

H

3

O

O

H

O

O

O

O

H

O

O


	solvent→
	CDCl3
	d6-DMSO

	compound→
	1a
	2
	3
	1a
	2
	3

	carbon↓
	

	C2
	162.21
	164.45
	163.45
	162.23
	164.07
	163.50

	C3
	107.88
	116.89
	104.25
	108.26
	116.75
	104.37

	C4
	161.07
	162.60
	177.82
	160.91
	162.03
	176.79

	C5
	123.88
	123.62
	126.30
	123.67
	124.24
	126.31

	C6
	123.95
	124.04
	125.35
	124.33
	124.88
	125.97

	C7
	131.81
	131.52
	132.60
	132.39
	132.41
	133.52

	C8
	116.58
	116.76
	116.61
	116.50
	116.90
	117.66

	C4a
	152.77
	153.13
	152.39
	152.48
	152.89
	152.49

	C8a
	116.20
	119.63
	123.15
	116.64
	119.95
	122.71

	C9
	34.89
	36.37
	35.40
	35.28
	35.79
	34.25

	C10
	45.20
	45.82
	46.14
	45.43
	45.44
	45.92

	C11
	212.60
	207.66
	208.20
	207.82
	207.45
	207.61

	C12
	30.08
	30.36
	30.10
	30.34
	30.40
	30.28

	C13
	139.72
	141.99
	143.44
	143.10
	142.38
	143.85

	C14
	127.97
	127.93
	127.95
	127.88
	127.91
	127.83

	C15
	128.19
	128.53
	128.34
	128.47
	128.71
	128.45

	C16
	126.69
	127.08
	126.10
	126.40
	126.75
	125.66

	C19
	--
	62.42
	56.12
	--
	62.60
	56.95


Table 6. Experimental van’t Hoff and Eyring analysis of thermodynamic and rate data for warfarin 1b (trans ) ⇋ 1a (open) ⇋ 1c (cis) equilibria in various solvents, ((G, (H: kJ/mol; (S: J/K).  
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	solvent
	1b
	1b⇋1a
	1a
	1a⇋1c
	1c

	
	trans-hemiketal
	transition state


	open
	transition state


	cis-hemiketal

	
	(Go(relative)
	(G‡ (→, ←)
	(Go(relative)
	(G‡ (→, ←)
	(Go(relative)

	CDCl3
	0.0
	+63(2), +59(3)
	+3.71
	+70(3), +71(3)
	+0.93

	CD3OD
	0.0
	+65(2), +58(2)
	+7.60
	+62(2), +58(3)
	+2.94

	(CD3)2SO
	0.0
	+63.9(12), +61.2(19)
	+3.52
	+62.8(13), +63(2)
	+2.38

	
	
	
	
	
	

	
	(Ho(relative)
	(H‡ (→, ←)
	(Ho(relative)
	(H‡ (→, ←)
	(Ho(relative)

	CDCl3
	0.0
	+8.8(17), -8.6(22)
	+17.8
	-3.0(4), -0.5(3)
	+4.77

	CD3OD
	0.0
	+18(3), -5(3)
	+22.0
	+9(3), -12(4)
	+2.33

	(CD3)2SO
	+2.4
	+45.7(14), +31.8(25)
	+16.2
	+44(5), +28(2)
	0.0

	
	
	
	
	
	

	
	(So(relative)
	(S‡ (→, ←)
	(So(relative)
	(S‡ (→, ←)
	(So(relative)

	CDCl3
	0.0
	-176(6), -222(7)
	+47
	-240(1), -233(1)
	+13

	CD3OD
	+1
	-153(10), -205(11)
	+50
	-174(10), -228(13)
	0.0

	(CD3)2SO
	+16
	-57(4), -57(15)
	+50
	-91(8), -108(7)
	0.0

	
	
	
	
	
	


 Estimated standard deviations in parentheses.
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Table 9.  Comparison of computed (DFT - M06-2X) and crystallographic torsions (degrees) for the dihydropyran ring conformation of coumarin hemiketals and methyl ketals of (S)-warfarin.*
	Computational/crystal form
	(a
	(b
	(c
	(d
	(e
	(f

	trans

	1b, trans, axial OH  (gas)
	-43.46871 
	+61.63965
	-43.46871
	+12.85727
	+2.29618
	+15.34833

	1b, trans, axial OH (CHCl3)
	-43.93202 
	+61.83890
	-43.93202
	+12.96665
	+2.37629
	+15.33945

	1b, trans, axial OH (DMSO)
	-44.17558 
	+62.11204
	-44.17558
	+12.96355
	+2.56629
	+15.19073

	1b, trans, axial OH (crystal) [13]
	-46.1
	+61.8
	-43.2
	+10.1
	+4.9
	+14.1

	4, trans, axial OCH3 (crystal)
	-52.5(4)
	+61.8(4)
	-36.5(4)
	+2.8(5)
	+6.7(5)
	+19.8(5)

	4, trans, axial OCH3 (racemate, crystal) [57]‡
	-50.1
	+59.3
	-36.9
	+5.8
	+3.4
	+20.0

	cis

	1c, cis, axial OH (gas)
	+42.14985
	-58.19971
	+42.14985
	-13.82985 
	-1.66677
	-13.42831

	1c, cis, axial OH (CHCl3)
	+42.21308
	-58.42834
	+42.21308
	-13.97394 
	-1.97232
	-13.0524

	1c, cis, axial OH (DMSO)
	+42.44424
	-58.53832
	+42.44424
	-13.81573 
	-2.09577
	-13.11559

	5, cis, axial OCH3 (crystal)
	+41.2(2)
	-57.96(19)
	+43.9(2)
	-14.7(2)
	-0.6(3)
	-13.4(2)

	5, cis, axial OCH3 (racemate, crystal) [26]‡
	+42
	-60
	+45
	-11
	-3
	-14


* Experimental estimated standard deviation in parentheses.
‡ For (S)-enantiomer.
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