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Abstrat - Reductions by deuterium over W/C were carried out on a series of 
dihydrofuran caqxnn-&. A stereoselective cis hydrogenation is observed in 
all cases. The stereochemistry of the dideuteriated products was determined 
by NOE measurements. According to the steric hindrance of the substituents, 
dmrteriwn entry is found on the a face or the 6 face of dihydrofuran ring. 
The formation of mono- or trideuteriated products may occur frcm an exchange 
reaction between adsorbed hydrogenated and semi-hydrogenated species. An 
unexpected reverse kinetic isotope effect at C4 is observed, showing a very 
low vibrationnal energy of atomic hydrogen dissolved in the metal lattice. 

(Xlr search for determining comparative parameters for exchange rates and barriers to rotation in 
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ZaX=Y=D - 
2c X = D, Y = 11 - 
g x = Y = H 

Effectively, this study requires accurate 
1 H MR line-width or line-shape measurements for the 

two ortho-methyl groups but these groups and the H4a proton (X in scheme 1) have chemical shifts 

which are very close. However replacement of this proton by deuteritnn in 2a or 2c shald allow an - - 
easy analysis of the methyl signals. The reduction of the dihydrofuran compound 1 with deuterium - 
was carried out on Pd/C and the product &was obtained as the major product of the reaction, in 

addition to 5% of 2c. Therefore, in this case, the approach of 1 to the surface of the catalyst - 
occurs only by the a face, opposite to the bulky arcmatic group. ?loreover, there is no evidence 

for isotopic exchange as predicted by the Polanyi and Horiuti mechanism2 (e.g. exchange of H3a 

which could invert the methyl group configuration). This work shows the influence of the size of 

the substituents on the selectivity of this reduction. The kinetic isotope effects of deuterium on 

C4 and on CS will be discussed. 

RESULTS 

As shown in Table 1, variation in the steric hindrance of the substituents on the dihydrofuran 

ring leads to entry of the deuterium frun the a face (cis to R) or frcsn the 8 face (cis to Ar). The 

stereochemistry of the reaction was studied by ‘H MR at 250 EHz or 500 MLz and mass spectroscopy. 
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Each of the dideuteriated products of a- or b-type, gives for its 5a or 513 proton a characteristic 

doublet with a classical a-isotope shift of about -0.02 to -0.025 DIxn, owing to the geminal deute- 

rium3. Decoupling experiments, analysis of coupling constants and nuclear Overhauser effect measu- 

rements were used to determine the position a or 6 of the two remaining 114 and H5 protons. As an 

example, for &, the rotation of the aromatic ring at-70°C was slow enough that selective irradia- 

tion of the two ortho-methyl groups was possible without any noticeable saturation transfer between 

them4. The NOE values allow the distinction between the syn (2.39 p~xn) and the anti’ (2.19 ppn) 

methyl groups (fig. la), as well as the unambiguous determination of the 6 position of the two pro- 

tons H4 and H5 in 2a. The null effect observed at room temperature for H2a by irradiation of the - 
cH3 doublet at 0.66 ppn (fig. lb) proved a predominant axial character for these two substituents 

K2a and Cl13-36. 

f 
+15% 

2.19 ppn 
a) b) 

fig. 1 - NOE in the molecule 2 (CIK13 solution) 

a) measured at -7O’C on the aromatic methyl n,roups 

b) measured at room temperature, on the 36-methyl group 

In some cases, a small amount (~8%) of the C4-monodeuteriated products is formed (c-type with - 
D4a or e-type with D46). These species are detected by two small signals in the ‘H ND1 spectrum at 

lower field (+ 0.02 ppm) with respect to the H5 doublets corresponding to the dideuteriated pro- 

ducts. The amount of these canpounds is evaluated by analysis of the isotopic cluster of a charac- 

teristic ion (the molecular ion when possible) in mass spectroscopy. In the reduction of 1, 2, 1, 

13 and 19, the absence of the 46,56-dideuteriated products (b-type) allows a straightforward NMR - - 
analysis of the H5a signals in the moncdeuteriated products. Decoupling experiments and ccmparison 
of J values shah that these monodeuteriated products are of c-type (with Wa). The amcunt of these 

monodeuteriated products is slightiy solvent dependent. For i, NR integration indicates 4 to 5% 

of 4c when the reduction is performed in benzene or hexane and 7% in ethanol. A special mention is - 
required for the reduction of 19. In hexane, - 10% of 2Oc and 7% of a trideuteriated product (proba- - 
bly D4a, DSa, D56 as determined by mass and NR spectroscopy) are formed in addition to 20a In -* 
all other cases, the proportion of these trideuteriated products was 0 to 2%. In absolute ethanol 

or methanol, a small amount (13% and 17% respectively) of the 46,56-dideuteriated nrcduct 20b is - 
also found. 

This formation of C4-monodeuteriated compounds indicates an important difference in kinetic-iso- 

tope effects for deuterium entry at C5 and C4 (scheme 2). An evaluation of these effects is pos- 

sible by using a mixture H2 + D2 (50 

5OOMl.z ‘HNMR 

: 50) followed by analysis by mass spectroscopy and 250 or 

: this was done with 2 and 12. In the case of 19, the 250 Ytlz MiR spectra showed 
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Table 1. Influence of the substitution on the stereochemistry of the dideuteriated products. 

: kii H i cl$(B) 1 1 : 
; Mes f H ; H 3 

: Mes I H : 013(a) : 5 

: Mf2s : a3 . i a13(B) : 7 

i Eles i a3 i H 9 - 
: Mes:CH3I CH3(a) : j_l 

: Ph : H : (H3(6) : 13 - 
; Ph i H ; H 15 : - 
: Ph : H : CH3(a) : 17 

: Ph &I,; cx3(B) i 19 

; Ph ; CH3 : H 21 

: Ph : Cl13 I CI13(a) : 23 - 

: Ph : iPr . : cy3) : 25 

i Ph f iPr f H ’ 27 

:PhI 1rn3(a): iPr 29 - 

2a : 100% - 
4a : 100% - 
6a : 96% - 

8a : 100% - 
10a : 56% 

12a : 41% 

14a : 100% - 
16a : 92% 

18a : 80% 

20a : 100% - 
22a : 44% 

24a: 15% 

26a : 66% - 
28a : 24% 

30a : 10% - 

2b : 0% - 
4b : 0% 

6b: 4% - 

8b: 0% 

lob : 44% 

12b : 59% 

: 

14b : 0% - 
16b : 8% - 
18b : 20% 

20b : 0% - 
22b : 56% 

24b : 85% - 

26b : 34% 

28b : 76% 

30b : 90% - 

Mes = (CH3)3C6H2- ; Ph = C6H5- ; iPr = (CH3)2Q1- 

CH3(6) is cis with Ar ; (X3(a) is cis with R. 

clearly the presence of only three species : E, J& and 20d. In mass spectroscopy, the analysis - 
of the isotopic cluster of the (M-15) peak at 1leV led to the following canposition : 26% do, 51% 

d,, 21% d2, and 2% d3. Correction, for the formation of dl and d3 products in the deuteriation 

gives the values used for the calculation of the kinetic isotope effects (table 2). A similar 

analysis of the reduction products of 2 gave the canposition : 16% do, 48% dl, 35% d2 and 1% d3. 

‘Ihe 500 M1.z NMR spectra confirmed the presence of the three species fi, C and %, possibly with 

a small amount of a CS-mnodeuteriated compound (5 to 10%). These results show that the substitu- 

tion of H2 by D2 produces a rate depression at C5 and an inverse effect on C4. The kinetic-isotope 

effects are calculated (table 2) as the ratio %/kD f or C5 (C products with two H on CS/Z products 

with one D on CS) and as kD/kl, f or C4 (inverse effect) (I: products with one D on C4/Z products with 

two H on C4). 

Table 2. Kinetic isotope effects 
- 

: d : d, (C4) . 0 . ; d, (C5) ; d2 i kD/kII(C4, i k&)(C5) ; : 

: 3a :16%: 48% : -- : 35% : 5.5 : 1.8 : - 
____:_____:________:________:_____: ________---.________---. 

: 3a : 16% : 40% : 8% : 35% : 3.2 : 1.3 : .- 
____:_____: ________:________:_____: ___________ ___________: 

: 19 : 26% : 49% : -- : 21% : 2.7 : 3.6 : -_ 

a) two alternative values, according to the hypothesis of 

the ammt of the CS-mnodeuteriated product. 
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DISCUSSION 

The reaction is an obvious case of a steric-approach control 6,7 . in the &a-addition of hydrogen 
to a double bond, without any evidence for the reverse reactions of the Polanyi and Horiuti mecha- 

nism2’7 . In the following discussion, the bulky aromatic group is assumed to be equatorial and, as 

a result of the envelope conformation of the dihydrofuran ring, R’ is equatorial in position 3a or 

axial in position 38 (fig.2a, 2b). 

a) bl cl 

fig. 2 - the envelope conformation of the 2,3_dihydrofuran compunds and their absorption 

a) by the a face with R # iPr 

b) by the B face 

c) by the a face with R = iPr [ccqound 3) 

The influence of a methyl group on the stereochemistry of the reaction is observed to be very 

different according to its position on C2 or C3 (table 1). As an example, with 3 (Ar = mesityl) the - 
deuterium entry occurs only from the a face whereas very different amounts of the a and B dideute- 

riated products are obtained when a methyl group is introduced at the 2a position (9) or at the 3a _ 
position (A). This may be explained by the orientation of the methyl groups, which is axial at 2a 

but equatorial at fa. Similar variations are observed by addin: a second methyl group (lJ compared 

to 5 or 2). In general, the presence of a 3&methyl group leads to deuterium entry frmn the a face, 

as observed for 1, 13 and 19. In the case of 2, the formation of the isaner 20b is detected when 

alcohols are used assolvents (13 to 17%) 
- 

: this may be explained by hydrogen bonding with the 

solvent on the less hindered a face of the dihydrofuran. Thus, the approach of deuterium by the S 

face is made more competitive (fig. 3). 

C2H5- 0 xH 0L 

‘gH5 fig. 3 - Steric hindrance of the a-face of E by hydrogen 

bonding with ethanol. 

The situation is probably different for 25, 27, Z_ with R = iPr. As a result of a similar steric 

hindrance of the phenyl and isopropyl groups, a facile confonnational interconversion of the dihy- 

drofuran ring may occur and so neither of these substituents is locked in an axial position (fig. 

2c). 

The formation of the monodeuteriated products of c-type is probably an indication of initial 

attack of deuterium at C4. The resulting monoadsorbed species are stabilized by the neighbouring 

heteroatan8’g’10. The structure of this intermediate does not allow for epimerisation 11 or isotopic 

exchange at C3. Only two reactions are then possible, the first leading to starting material, the 

second to the cis-dihydrogenated product (Scheme 2). 

The reverse kinetic-isotope effect observed at C4 (table 2 ) is an unexpected result for a pri- 
12 mary kinetic effect . A possible explanation may be found in the small vibrational energy of H or 

D atans dissoved in the metal lattice (the atanic hydrogens are not tightly bonded to the metal). 

The difference between the vibrational energies of the two dissolved species (... H or . ..D) is 

small canpared to the difference between the transition states where C-H and C-D bonds are partially 





4a,Sa-dideutetio ZB-meitgZ tetmhydrofwm, 4a. 
Ma (6, ppnf : 6.8 (H3’, HS’, s) ; 5.14 (tfZa,TId, 6.4 and 9.7 Hz) ; 4.07 (H56, d, =7 Hz) ; 2.33 
(CH -2’ and 6’, s) ; 2.21 (CH -4’, s) ; 2.1 (H3a and H46, m) ; 1.83 (H36, m) . In the natural pro- 
due;! g, HSo is at 6 = 3.92 p$n and H4o in the massif at 2.1 Pam. 

The monodeuteriated product g (5%) gives a signal at 3.92 mm (HSa, dd, 5.6 and 8.1 Hz). 

4a,Ca_dideuterio 3ametkyl 2B-mesityZ tetrukydrofruran, 6a. 
NW (6, ppn) : 6.80 (H3’ and HS’, s) ; 4.76 (H&z, d, 9.?T’kiz) ; 4.06 (HS8, d, =7 Hz) ; 2.40 (H38, 
m) ; 2.35 (CH -2’ and 6’, s) ; 2.25 (GI -4’ and H48) ; 1.02 (CH -3a, d, 6.5 Hz). In the natural 
product *, d a and H4a are at 3.93 ppn3and 1.71 ppn. In the &duct obtained by deuteriation, we 
observe a canplex signal near 3.92 pi (9%) corresponding to the monodeuteriated product 6c and 
the stereoisomeric dideuteriated product $&. This last product s was evaluated by integaion of 
the signal of H4a at 1.70 ppn (4%). 

4a,Sa_dideuterio 24 36-dimethyl 2bmeaityt tetrahydrofuran 8a. 
NMR (6, Pp) : 6.80 (H3’ and H5’ , s) ; 3.90 (HSB, d, 7.6 Hz); 2.71 (H3o, qt. 7 Hz, JH3aH4Bc 1 Hz); 
2.25, 2.36 and 2.21 (01 -2’, 4’ and 6’) ; 1.60 (H46, d, 6.5 Hz) ; 1.46 (CH -2a, s) ; 0.67 (a-1 -36, 
d, 6.8 Hz). In the natkal product, HSa is very close to HSB. On the othe? ha&, H4a is at 2330 
ppn between two aranatic methyl groups and shows the coupling constant JH3oH4a = 7.1 Hz. This si- 
gnal is completely cancelled in the deuteriated product and the remaining coupling constant JH3H4< 
1 Hz shows that H3 and H4 are trans and bi-equatorial in the didmrteriated prcxiuct. 

4a,6a-dideutetio- and 4&SB-dideutem'o la-methyl PB-mesityt t~t~ky~of~, lOa.& lob. 
NM of the tw mixed iscmters (15, ppm) : 6.79 (H3’ and HS’, s) ; 3.88 (Wa, d,T4 Hz,-% of lob) ; 
3.45 (H56, d, 6 Hz, 56% of IOa) ; 2.45 (CM -2’ and 6’, s) ; 2.26 (H3a and H36, m) ; 2.21 (ff 
s) ; 1.87 (H4a, m) and 1.8lT4f.3, m) ; 1.52 (Q-l -2a, s). The two signals of H4a (lob, a larg si- 

&letely 
? 

7, 

gnal) and H46 (3, a narrow signal) are not c resolved at 250 Fiiz but afekell assigned 
by selective decoupling of H5o and HSB and belong to distinct molecules. NOE : fH5aICH -2a1 = +6% ; 
fH56{CH3-2a1 = 0% ; fH3’,SIM3-2’,6’1 = +26% ; fXSa~CH3-2’,6’~ = +1% ; fH58KH3-2’,6’? = +9%. 

4a, Sa-dideutetio and 4&5@dideuterio 2a, .?a-dimetkyt 2B-mesityZ tetmkydrofumn, 12a and 12b. 
NR of the two mixed isomers (6, ppn) : 6.79 (H3’ and HS’, s) ; 3.83 (HSa, d, 7.3 Hz, 59%- 12b); 
3.59 @IS& d, 8.4 Hz, 47% of 12a) ; 2.74 (H3B, m) ; 2.43 (CH -2’ and 6’, s) ; 2.20 (CIi -4’, s); 
1.85 (H4& m) ; 1.52 (CH -2a,T ; 1.47 (H4a, m) ; 1.10 (CH 33a, d, 7.2 Hz). h double irradiation 
of H4a (or H4f3) gives a gelective decoupling of H5a (or HUBS. NCE : fli3’,S’{CH -2’,6’) = +25% ; 
M561CH3-2’,6’j = +21% ; fH5aICH3-2’,6’1 = +2% ; fH5aICH3-2aI = +.5% ; fH56~Cli3~2a~ = +l%. 

4a,Sa-di&uterio 3d-methyZ 26-pkeny2 tetruhydrofuran, 14a. 
NMR (6, P) : 7.2 (C6H5, m) ; 4.89 (H2a, d, 6.4 Hz) ;TlO (H56, d, 7.6 Hz) ; 2.46 jHJa,fhx, 6-7 
Hz) ; 1.65 (H4B,=t) ; 0.56 ((X3-36, d, 7 Hz). In the naturalproduct l&l, two other signals are 
observed at 3.86 ppm (HSa) and 2.11 ppn (H4a). The monodeuteriated psuct 14c gives a little si- 
gnal (3-4%) at 3.86 pp~ (=t, 6.8 and 8 Hz). NOE : ff12afC6H 1 = +4% ; fHSS{CR = +5% ; fH4B{C6H5) = 
0% ; fH4BtCIi -38) 3 = 8.5% ; fH5BKI13-36) = +3% ; fH2aUY3-3& = 0%. 

4a, La-dideuterio and 46,58-dideutetio 2%~pkenyl tet~k~~of~, j& and 16b 
- 7.4 (C H m) 4.9 (HZa, t, 6.9 and 7.4 Hz) 

=7 Hz 6=ii of :bb) 
; 4.08 WS, d, 7.2 Hz,=92% of 

; 2.32 (H3a, m) ; 2.0 (H46 of 16a and H4a of 16b, m) ; 
signal lku of thF&odeuteriated product 16c is mm to the doubTX of the 

same signal in 16b. In the signal of H36 (1.81 ppn), a cou?liFconstant JHD = l-l .l Hz is observed. 
NOE : 
+6%. 

fH2aiC6Hsl +lO% ; fH3a(C6H5f = +7% ; fH38K6H53 = 13% ; fH4BfC6H5) = +12% ; fHS61C6H5) = 

In mass spectrography, the MIKE spectrum of the natural product 16d shows only tm signals at 
z/e = 148(M”’ ) and 147 (H-1). A similar doublet is obtained with thaeuteriated product at z/e = 
150 and 149 and about 4% of monodeuteriated product is detected. 

4a,$a-dideuterio cmd 4$,5&dideuterio Ja-metkyZ 2B-pkenyZ tetz=kydrofurm 18a and 18b * 
F&R of the two mixed isomers (6, ppn) : 7.2.-7.4 (C H m) ; 4.29 (H2a, d, 81z Hz) 3.09 (HSB, d, 
7 Hz, 80% of 18a) ; 4.01 (HSa, d, 8.6 Hz, 20% of 188)‘f 2.18 (H46, t, ~7.2 Hz, 80% of lga) ; 2.06 
(~36, hx, =7 m ; 1.68 (H4a, =t, 20% of 18b) ; lm (CH3-3a, d, 6.5 Hz). NOE : fl%f~h~ = 16% ; 
f~5gf~ -3o) = 1,5% ; ~F~sE{cH~-~~) = +~o%;~H~B{cH -3aI = +9% ; ffI4aCM -3aI = +7% ; fIbarC H I-17) 
f~56{C~A~) = +6% ; fH36tC6H51 = +7% ; fHSo, H4o, H48K6H5) = 0%. The met&l group is eC+=tar a . P? 

cla,Sa-dideuterio 2a,3$-dimetkyz 28-pkenyi! tetmkydrwftcran, ZOa. 
NE= at 250 &Hz of the mixture 85% 20a and 15% 2Oc (6, w> 3.3 (4H, C6H5 ortho and m&a, m) ; 
7.2 (lH, C H pax-a, m) 
(H5a of 2Oe,‘t, 8.2 Hz) 

; 4.12 (HSB>, 8.4 Hz,werlapping a triplet at 4.14 p~zn of 2Oc) ; 3.99 
; 2.20 fH3o, qt, 7.0 Hz) ; 1.56 ((X3-Za and H48, s and m) ; m9 &X3-313, 

d, 7 H.z)xn the natural product 3, H4a is at 2.09 porn. 

da,Sa-dideuterio nnd 46,56-dideuterio Ba-metkyZ 
Nt@ of the two mixed ismners (6, ppn) . 7.4 (W, C H 
(W, C H para, m) ; 3.98 (HSa d, 6.3’Hz, 56% of 222) 
and 2.6 &a and H36, m) ; 1.9; (H4a, m) ; 1.76 (H@Tmj ; 
= +.5% ; fH5a{ H ortko) = 0% ; fH5B{CH3-2a} = 1% ; 

4a,Sa-dideuterio and 4&5&di&uterio- Za,Ja-dimetkyZ 28-phenyZ tetmkydmfurrm, 24a and 24b. 
WR of the two mixed isaners (6, porn) : 7.41 (2H, C H c&ho, m) ; 7.3 (2H, C F! =a, m);7.2 
(lH, C H para) ; 4.02 (HSa, d, 8.2 Hz, 87% of 24b) (j;‘3.9 (HSB, d 7.9 Hz 136 3f 24a) ; 2.3 (H36, 
qt, 7.q AZ) ; 1.99 (H46, t, 7 Hz), 1.64 @:4a, rnE 1.39 (CH -2a, 4) ; 1 .I! (CH -3a3, 7.0 Hz). 
NOE : fH56L4 ortkof = +8% ; fH5a{CH3-2aI = +6% ; ~WI~{CF!~-~~} = +4% ; fHSb~CH3&) * +2%. 
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&,So-&&uterio and 48,5&dideuterio Zo-iaopropy2 3Blnetfiyt 26-phenyl tet~hy~of~r~, 26a and 
26b. 

- 

mofthe two mixed isomers (6, p~xn) : 7.18-7.35 (C H m) ; 4.10 (MB, d, 8.2 Hz, 64% of isomer 

$$;t 
3.86 (HSa d 

6 5 Hz ‘26i) 
7 Hz, 36% of isomer 26b) ; 2.!h5&3a, m) ; 2.24 (II-iPr, hp, 6.8 Hz) ; 1.94 

; 1,43 (H48, t, 8.8 K 26af 
@fe-3&‘d,‘6.8 &-ME : 

; 1.0 and 0.70 (Ek-iPr, two d, 6.8 Hz) ; 0.75 
fH4a,4B,Sa,SB {Cft (imat 1 and 0.70 ppnl = 0% ; fH4%fCH3-3B) = +7% ; 

fH4a, HSa, H5BfCH3-38) = 0% ; fH3afCH3, at ? ppnt = +9%. 

4a,Su-dideuterio a& 4%,5%-&ieuterio 2a-isopropyl 2%-pkenyl tetrahydrojkran, 28a and 28b. 
NMR of the two mixed isomers (6, ppm) : 
m) ; 3.90 (H5a, d, 7.4 Hz, 77% of 28b) 

7.28-7.40 (4H, C6H5 ortho and meta, m);7.23 m, para , 
; 3.73 (H5%, d, 7.9 Hz, 23% of 28a) ; 2.07 and 2.21 fH3cc 

and IBS, m) 
(Sr 

; 2.0 (H-iPr, hp, 6.5 m ; 1.84 (H4a, m, 28b) ; 1.68 (H46(;?ii, 2&) ; 0.80 and 0.9D 
-iPr, d and d, 6.8 Hz). 

- 

+h e stereochanical assignment of the two isomers 28a and 28b is well established by the reLgular 
decrease of the amounts of 163 (92%)- 22a (44%)- 28a m%) wiiFTthe increasing hindrance of R (11, 
Me, iPr). 

- - - 

48,5&dideuterio 3a-methyl Za-isopropyl 2+pheny2 tetrahydroftrran, 30b. 
The main product 30b (about 78%) is formed with 7~8% of 30a and z monodeuteriated derivatives 

as by-products 1~14%). 
- 

MiR (6, Ppn) : 7.2-7.4 (SH, C H , m) ; 3.94 (Ii!& d, 8 Hz) ; 2.65 (IF&, dd, 6.9 Hz and 2.1 Hz) ; 
2.11 (H-iPr, hp, 6.9 Hz) ; 1 .885(t14c(, dd, 8 and 2.1 Hz) ; 1.13 [CH -3a, d, 6.9 Hz) ; 0.72 and 0.83 
(ail -iPr, d, and d, 6.9 Hz). In the natural product, H56 and t14% a&eared at 3.72 and 1.68 ppm. 

+h e stereochemistry of this product is well deduced frcsn inspection of the series 26b - 28b - 
30b. As a matter of fact, the coupling JH3fN4a 
ztorial . 

= 2.1 Hz shows that these protons are Fi?ins a bie- 
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