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The 'HNMR spectral analysis of four 8-membered rings, 2-thioxo- (or 2-0xo-) 2-R-1,3,6,2- 
trithiaphosphocane, is reported. The stereochemistry of the 8-membered ring is discussed. The "'PNMR 
spectral parameters [ SS1P, 'J(PC)] obtained on several cyclic l,3,2-dithiaphospha compounds of variable size 
(5, 6, 8, 12 and 16-membered rings) are discussed as a function of the ring size and of the geometry of the 
molecule. 

INTRODUCTION 

In previous studies we reported that, in the synthesis 
of cyclic organophosphorus molecules such as the 6- 
membered rings 1,3,2-dioxaphosphorinanes or 1,3,2- 
dithiaphosphorinanes, the corresponding 12- 
membered ring dimers are also obtained. 10,' 12,2,3 
144 and 16-membered rings536 have thus been ob- 
tained. In addition to the chemical problem of the 
formation of these dimers, and the study of their 
stereochemistry which may be highly dependent upon 
transannular  interaction^,^-^ this family of compounds 
is interesting from the NMR point of view. It offers a 
good opportunity to examine the variation of the 
NMR spectral parameters (spin-spin coupling and 
chemical shift) as a function of the ring size and of the 
geometrical parameters when structural data are avail- 
able. 

The NMR data obtained on several 1,3,2- 
dithiaphosphorus 5, 6, 8, 12 and 16-membered ring 

compounds containing the s\/R fragment ( x =  

0, S) have been analysed in this work. The results of 
the NMR spectral analysis of 2-thioxo- and 2-0x0-2- 
R- 1,3,6,2-trithiaphosphocanes (1) and the correspond- 
ing dimers (2), together with a discussion on the 
stereochemistry of the 8-membered ring in solution, 
are first discussed. 

s' Nx 

X" 'R 
1 2 
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NMR STUDY OF 2-THIOXO- AND 2-OXO-2-R- 
1,3,6,2-TRITHIAPHOSPHOCANES 

The 8-membered rings under study are first obtained 
as three co-ordinated phosphorus compounds by 
reacting the 2-mercaptoethyl sulphide S(CH,CH,SH), 
with the appropriate alkyl dichlorophosphane (RPCI,) 
and then oxidizing with hydrogen peroxide or elemen- 

) or thioxo tal sulphur into the 0x0 ( , , 
S' 'R 

( 'P" ) compounds. 
S' 'R 
The ring protons of the 8-membered rings were 

analysed as ABCDX (X, phosphorus) systems, the 
spectra being recorded at 250 MHz both with and 
without phosphorus decoupling. The results obtained 
using the LAOCOON I11 iterative program are pre- 
sented in Table 1. Figure 1 shows an example of the 
agreement between the experimental and calculated 
spectra in the case of 2-thioxo-2-t-butyl-l,3,6,2- 
trithiaphosphocane. 

Before examining the conclusions which can be 
drawn from the NMR spectral analysis on the 
stereochemistry of the molecule, the conformation of 
2-thioxo-2- t-butyl-l,3,6,2-trithiaphosphocane as de- 
termined by X-ray diffraction will be briefly discus- 
sed." In the solid state, the 8-membered ring adopts 
an asymmetric conformation which is best charac- 
terized by the torsional dihedral angles shown in Fig. 
2. The ring shape can be described as a carbon edge 
boat-chair (BC) conformation." From the solid state 
structure, and using standard H-C-H bond angles, 
all the H-C-C-H and P-S-C-H dihedral angles 
of the ring hydrogen atoms can be calculated. The 
values obtained are quoted in Table 2. 

The results of the proton NMR spectral analysis 
given in Table 1 show that the 3J(HH) coupling con- 
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Table 1. 'H NMR spectral parameters of 2-0x0- and 2-thioxo-2-R-1,3,6,2-trithiaphosphocanes 

Spin-spin couplings ( H Z ) ~  

1 

H-1 H-2 H-3 H-4 H-1.H-2 H-1.H-3 H-l.H-4 H-1.P H-2.H-3 H-2.H-4 H-2.P H-3.H-4 H-3.P H-4.P 
R=CH3 X = O  C,D, 2.98 2.40 2.44 2.11 -14.7 3.9 7.5 16.7 8.0 3.9 19.1 -15.1 -0.4 0.0 

X - S  CDCI3 3.53 3.22 3.19 2.92 -14.9 4.1 6.6 16.8 8.8 4.2 24.6 -15.1 -0.5 0 
X = O  C,D, 3.08 2.51 2.54 2.22 -14.6 3.8 7.4 16.8 8.2 4.0 19.4 -15.2 -0.5 0.1 R t-Bu X = S  C,D, 3.15 2.64 2.75 2.28 -14.8 3.4 5.8 14.5 9.9 3.8 22.1 -15.4 -0.5 0 

a The chemical shifts are given in ppm with respect to TMS as internal reference. 
The spin-spin couplings are given in hertz with an uncertainty of *O.l Hz. 

3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 

\ .  \ /c\'"c-ll 

-94.9(6j/ \-100.0(6 1 

8 9 . 5 ( y p % , 6 ( 3 )  
s-I 5-3 

C-8 c-4 

Gpprn/TMS 

Figure 2. Ring torsional angles ("1 obtained by X-ray diffraction 
in the solid state of 2-thioxo-2-t-butyl-l,3,6,2- 
trithiaphosphocane.'' The uncertainty of the last digit is given 
parentheses. 

Figure 1. Observed and calculated 'H NMR spectrum (250 MHz) 
of the methylenic protons of 2-thioxo-2-t-butyl-l,3,6,2- 
trithiaphosphocane. 

similar values and exhibit only small differences com- 
pared with those in the thioxo compounds 

). The existence of only one ABCDX spin ( 

system in the *HNMR spectrum shows that the two 

s\ NS 

S/'R 

-S-CH,-CH, ring fragments are equivalent on  the 
NMR time scale. Thus, the molecule exists in solution 
either as a unique conformation of C, symmetry or as 
a mixture of two or several enantiomeric conformers 
in rapid equilibrium. 

The C ,  symmetry conformations which can be con- 
sidered are the boat-chair (BC), chair-boat (CB), boat- 
boat (BB) and chair-chair (CC) conformers (Scheme 
1). (The BC and CB forms depend upon the position 
of the phosphorus atom which may be either in the 
chair or in the boat moiety.) From examination of 
Dreiding models, the BC and BB conformers show 

three C-C dihedral angles close to 60" and \ /H 
H 

Table 2. Calculated" values of the H-C-C-H and P-S-C-H dihedral angles of 2- 
thioxo-2- t-butyl-1,3,6,2-trithiaphosphocane as obtained from X-ray structural 
data 

Dihedral angles around 
the C4-C-5 bond 

Dihedral angles around 
the C-7-C-8 bond H-2' H-I' 

H-1.H-3 H-l.H-4 H-2.H-3 H-2.H-4 H-l'.H-3' H-l',H-4' H-2.H-3' H-2',H-4' 

H@s, ,t-Bu 57" 52" 168" 58" 82" 165" 35" 78" 
H - 4  S 

Dihedral angles around Dihedral angles around 
c-4.s C4.S 

P,H-1 P,H-2 P,H-1' P,H-2' 

138" 22" 29" 142" 

a The calculations are made assuming a standard H-C-H bond angle of 109.5". 
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the fourth close to 180". In the CB and CC confor- 
H H 
\ / 

mers, three C-C' angles are close to 120" 
and one close to 0". The ,J(HH) values corresponding 
to the 60" and 180" dihedral angles would be 4.5 Hz 
and 12Hz, respectively, as observed in the 6- 
membered ring 1,3,2-dithiaphosphorinanes12 which 
exist in a rigid chair conformation. Thus, the ,J(HH) 
values reported in Table 1 are incompatible with an 
unique C, symmetry conformation for the 8- 
membered ring trithiaphosphocane under study. The 

BC CB 

BB cc 

presence of two v(P=O)13 IR stretching frequencies 
of equal intensity at 1199cm-' and 1188 cm-' for 
R=CH,, and at 1204cm-' and 1182cm-' for R =  
t-butyl, supports this conclusion for the 0x0 compounds. 
The assignment of the 1R frequencies to the P=O 
group has been confirmed by observing a low fre- 
quency shift (Av - 100 cm-') by complexing the 2- 
oxo-2-R-1,3,6,2-trithiaphosphocanes with uranyl nit- 
rate [UO,(NO,),, 6H,0].14 The small difference which 
exists between the two v(P=O) values observed in the 
non-complexed molecules (Av < 20 cm-') cannot be 
due to the presence of two conformations correspond- 
ing to the axial and equatorial orientations of the 
P=O bond, respectively, which would result in a 
difference of about 50 ~rn-~.~'- ' '  

A definite conclusion concerning the 8-membered 
ring conformation in solution could probably be ob- 
tained from a low temperature NMR study, which has 
as yet been precluded owing to solubility problems. 
However, the existence of two v(P=O) stretching 
frequencies of equal intensity strongly suggests the 
existence of a 1:l equilibrium. As the solid state 
conformation reported for 2-thioxo-2-t-butyl-l,3,6,2- 
trithiaphosphocane" satisfies the staggered disposition 
around the C-C bonds and shows no intermolecular 
interactions, we suggest that one of the conformations 
observed in solution is similar to the one observed in 
the solid state (carbon edge boat-chair conformation). 
A pseudorotation process changing this asymmetric 
conformation to its mirror image will make the two 
CH,-CH, spin systems equivalent on the NMR time 
scale. However, this conclusion on the ring conforma- 
tion must be considered with caution as in a closely 
related compound, 2-0~0-2-phenyl-1,3,2-dithiaphos- 
phorinane, different conformations have been obser- 
ved in the solid state (twist form) and in the liquid 
state (chair form).18 

An interesting fact should be noted concerning the 
,J(PSCH) coupling constants. For the 6-membered 2- 
thioxo-2-R-l,3,2-dithiaphosphorinane rings, with R = 
CH, or R =  t-butyl, which exist in solution in a rigid 
chair conformation, the ,J(PSCH) values of the 
equatorial protons are equal to 21.0 Hz and 21.5 Hz, 
respectively.12 These values correspond to a 180" 
P-S-C-H dihedral angle. In the corresponding 2- 
thioxo-2-R- 173,6,2-trithiaphosphocane (R = CH,, 
R = t-butyl) where, according to our conclusions on 
the conformation, the average value of the P-S-C-H 
dihedral angle must be lower than 180", the ob- 
served 3J(PSCH) values are larger than in the 6- 
membered ring dithiaphosphorinanes (24.6 Hz vs 
21 Hz for R=CH,;  22.1Hz vs 21.5 Hz for R =  
t-butyl). This fact, as already reported in the case of the 
P-0-C-H strongly suggests that the 
,J(PH) coupling constant is not only dependent on the 
P-X-C-H dihedral angle and on the nature of the 
chemical groups attached to the phosphorus but also 
on the P-S-C bond angle, 0, which changes from 
101" to 105" on going from a 6'l to an 8-membered 
ring. Thus, care must be exercised when applying a 
simple Karplus-like relationship for a P-X-C-H 
fragment (X = 0, S), especially when changes must 
exist in the P-0-C or P-S-C bond angle. Such 
large variations are, for example, observed when going 
from a 5-membered ring (POC= 111"") to a 7- 
membered ring (POC = 127"19). 

37 s-c 

VARIATION OF THE NMR PARAMETERS 
WITH THE RING SIZE 

Having available a family of 1,3,2-dithiaphospha ring 
compounds of different size (5,23 6," 8,6 12, and 
16-membered rings6), and which have the same R 

S X 
groups attached to the phosphorus atom ( 

S/ \R 
X=O, S; R=CH3,  t-butyl), it is interesting to ex- 
amine the variation of the NMR parameters [a3'P, 
'J(PC), ,J(PSCH)] as a function of the ring size. 

\ pH 

"\\/" 
.P, 

5 

Phosphorus chemical shift 

The 31P chemical shift measured in solution of several 
1,3,2-dithiaphospha rings of various sizes are reported 
in Table 3, together with the value measured in an 
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Table 3. 31PNMR chemical shifts' in benzene solution of 
2-thioxo- and 2-oxo-2-R-1,3,2-daphospha ring 
compounds of various sizes 

3 

Pr-S 

/ ' \  
Pr-S R 

6 

R = CH3 R = t -Bu 
x:o x=s  x=o  x=s 

96.4 97.6 107.4 129.0 

59.1 
46.6 (105.6")b - 100.8 

57.1 77.4 83.0 112.4 
(108.9")b 

116.1 
120.2 - 76.3 - 

Table 4. Values of the 'J(PC) spin-spin coupling (Hz) 

s x  
CSXR 

3 

4 

x -0  R = CH3 x=s x -0  R = t-Bu x=s 

- 56.7 72.5 46.3 

76.3 58.5 - 50.1 

78.5 63.7 72.0 51.6 

- 51.4 
50.5 

- - 

62.0 80.6 83.8 117.0 
61.7 80.1 83.5 118.5 

(1 0l")b 

56.0 77.6 - - 

76.4" 61.7" 69.9" 50.3" 

R\p2 
p " S 7  

LPd R' \X 

2 
Pr-S 

76.9 61.3 - - 
/ \  

Pr-S R 
6 

a Given in ppm with positive values downfield from 85% H,PO, 
as external reference. 
bThe S-P-S bond angles obtained from X-ray diffraction in 
the solid state are given in parentheses. 
"For the 12 and 16-membered rings two diastereoisomers 
exist, which differ in the relative orientation of the R groups 
with respect to the mean plane of the ring. 

open-chain molecule. All the measurements have been 
made in the same solvent (C6D6). As we wish to 
examine the influence of the geometrical parameters 
on the NMR data the S-P-S bond angle values, 
when they have been determined by X-ray diffraction, 
are also reported in the table. These structural data 
correspond to solid state values but the NMR meas- 
urements have been carried out in solution. However, 
as no packing effects have been noticed in the X-ray 
work, one can safely assume that the bond angles 
measured in the solid state are close to the values 
which exist in the molecule in solution. 

Several conclusions can be drawn from the examina- 
tion of these chemical shift values. In the 0x0 com- 
pounds when R=CH,, a change of chemical shift as 
large as 50 ppm is observed on changing the ring size. 
Such a variation is of the same order of magnitude as 
the change observed in going from an 0x0 compound 

" The two isomers show the same 'J(PC) value. 

[CH,P(O)(OCH,), a3'P = 30 ppm] to the correspond- 
ing thioxo compound [CH,P(S)(OCH,), S31P = 
80 ~ p m ] . ~ ~  Thus, formula assignment based on phos- 

phorus chemical shifts (e.g. \@ vs \/o ) ' 'OR ' 'SR 
must be carried out with caution and by reference to 
rings of similar size. 

The results in Table 3 show that for a given R substit- 
uent attached to the phosphorus, one observes a large 
high field shift on going from a 5-membered to a 
6-membered ring. A low field shift of smaller amplitude 
is then observed from the 6-membered ring to the 
higher sized rings. A plot of the ,'P chemical shift, 6, 
as a function of the ring size is shown in Fig. 3. 

Results on the phosphorus chemical shift, a31P, in 
cyclic organophosphorus compounds of various sizes 
have already been reported. In the case of cyclic 
derivatives of phosphorus oxy-acids2' the 31P NMR 
signals move to lower field in the order 6-membered 
ring > acyclic > 5-membered ring, as observed here for 
the 1,3,2-dithiaphospha compounds. Conversely, for 
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40 
I I I I I I I  I I j 1 

n-membered ring 

5 6 7 8 9 10 I I  12 13 14 15 16 m 

Figure 3. Variation of P I P  (given with positive values down- 
field from H,PO,) as a function of the ring size of 2-X-2-R- 
1,3,2-dithiaphospha compounds: (a) X = S, R = t-Bu, (b) X = S, 
R-Me; (c) X - 0 ,  R-Me. 

cyclopolyphosphanes, a monotonic low field shift is 
observed as the ring size increases.26927 For a better 
understanding of the factors on which the phosphorus 
chemical shift is dependent, it is more interesting to 
examine the a31P values as a function of the S-P-S 
bond angle. The influence of the 0-P-0 bond angle 
on the a31P has been examined for phosphate 
molecules from the t h e ~ r e t i c a l ~ ~ ' ~ '  and experimental 
point of view.29 

The value of the S-P-S bond angle is not availa- 
ble for all the compounds under study. For the 

molecules containing the s\p2 moiety, this 

angle has been determined by X-ray diffraction in the 
solid state for the 8" and 16-membered rings.30 In the 
6-membered ring 2-thioxo-2-R-1,3,2-dithiaphosphori- 
nane2' and for a given R group, the S-P-S bond 
angle is about 2" larger than in the corresponding 
1,3,2-dioxapho~phorinane.~~ Thus, a value of 103" can 
be assumed in 2-thioxo-2-t-butyl-l,3,2-dithia- 
phosphorinane from the 101'9 measured in 2-thioxo- 
2,5-di-t-buty1-1,3,2-dio~aphosphorinane.~~ Only two 
2-thioxo-2-R-l,3,2-dithiaphospholanes have been re- 
ported, which correspond to R = C1 (S-P-S 
= 100"5)33 and R=C6H, (S-P-S = 98°5).34 A S  a 
t-butyl substituent tends to decrease the cyclic bond 
angle around the phosphorus atom, one can conclude 
that in 2-thioxo-2- t-butyl-l,3,2-dithiaphospholane the 
S-P-S angle will be equal to or smaller than the 
98'5 obtained in the corresponding 2-phenyl com- 
pound. 

In the 2-thioxo-2-t-butyl compounds 

s' \t-Bu 

s, ,s 

S' 't-Bu 
from the measured or estimated S-P-S bond angle, 
a, and using the 31P chemical shift values quoted in 
Table 3, it is possible to plot S31P as a function of a as 
shown in Fig. 4. A similar non-monotonic variation of 
6 vs a has already been proposed in the case of esters 

Figure 4. Variation of P ' P  (given with positive values down- 
field from H,PO,) as a function of the S-P-S bond angle in 
2-thioxo-2-t-butyl-l,3,2-dithiaphospha compounds: 0-  
measured S-P-S bond angles; 0 = estimated values. 

of phosphoric However, it must be pointed 
out that as suggested from theoretical data,36 the 
phosphorus chemical shift in phosphates must be de- 
pendent upon two geometrical factors, namely the 
0-P-0 angle and the torsional angle around the 
P-0 bond. Similar effects must probably be taken 
into account here. 

It is interesting to note that for the cyclopolyphos- 
p h a n e ~ , ~ ~ . ~ ~  p h ~ s p h a n e s , ~ ~ ' ~ '  phosphane oxide39 and 
sulphide;' one observes a monotonic high field shift 
when the bond angles around the phosphorus atom 
decrease. 

J(PC) spin-spin couplings 

Another spectral parameter which is interesting to 
examine as a function of the ring size is 'J(PC), and 
values are reported in Table 4. The 'J(PC) couplings 
are assumed to be positive, as shown in the tetraco- 
ordinated phosphorus compounds?1 For the thioxo 

compounds ( \PNs one observes an increase of 

'J(PC) from the 5-membered to the 8-membered 
ring. For larger rings, 'J(PC) remains about constant. 
A similar observation has been reported for cyclic 
phosphonates' and cyclic phosphane where 
'J(PC) exhibits a large increase from the 3-mem- 
bered ring to the 4-membered ring (AJ = 10 Hz) and 
remains approximately constant for the larger 
rings. 

If one examines the 'J(PC) spin-spin coupling as a 
function not of the ring size but of the S-P-S 
valence bond, a, one observes an increase of 'J(PC) 
with a. It is noteworthy that the reasoning often made 
which considers that a decrease of the a angle will 
result in an increase of the s character of the exocyclic 
P-C bond, thus involving an increase in 'J(PC), does 
not apply here. 

A similar reasoning, which can be applied to the 
'J(CH) also fails in explaining the 'J(PH) 
trend observed in phosphanes where the following 
values are observed: phosphacyclopropane 155 
phosphacyclohexane 200 Hq4' diethylphosphane 
1 9 0 H ~ . ~ ~  The failure of this simple reasoning, based 

' \R 

@ Heyden & Son Ltd, 1981 ORGANIC MAGNETIC RESONANCE, VOL. 15, NO. 1, 1981 91 



J. MARTIN AND J. B. ROBERT 

on the s character of the bond, is perhaps due to the 
fact that the Fermi contact term is not the only one 
which contributes to the 'J(PC) and 'J(PH) spin-spin 
couplings. 

Thus, it clearly appears from this study of 2-thioxo- 
and 2-oxo-2-R-1,3,2-dithiaphospha rings of various 
sizes that the NMR spectral parameters are highly 
dependent upon the ring size, the largest changes 
being observed on going from the 5 to  the 6- 
membered ring. However, it must be pointed out that 
the chemical shift screening constant, IT, and the spin- 
spin coupling, J,  are tensors of which only the trace 
can be obtained from NMR experiments in isotropic 
phases. The variations reported here, therefore, only 
concern the traces of these tensors. It is possible that 
even bigger variations could be observed if the indi- 
vidual components of the tensors were measured, as 
previously noted for several organophosphates where 
the components of the 31P chemical shift tensor are 
significantly more sensitive to the stereochemical envi- 
ronment than their isotropic  counterpart^.^' 

EXPERIMENTAL 

NMR spectra 
The 'H NMR spectra were recorded at 20 * 2 "C in the 
continuous wave mode, with and without phosphorus 
decoupling, on a Cameca 250 spectrometer operating 
at 250MHz. TMS was used as internal lock and 
as the reference signal. The phosphorus decoupling 
frequency was provided by an Adret Electronique 
6100 frequency synthesizer and is amplified by an 
EN1 360 L RF power amplifier. 

The I3C and 31P proton noise decoupled spectra 
were obtained in the Fourier transform mode on a 
Varian XL 100 spectrometer operating at 25.2MHz 
and 40.5 MHz, respectively. The field frequency lock 
was provided by C,D, used as solvent. The chemical 
shifts are given from internal TMS for the 13C spectra 
and external 85% H,PO, for the 31P spectra. The 
concentration corresponds to approximately 0.1 M sol- 
utions. 

IR spectra 

The IR spectra were obtained for Nujol mulls between 
NaCl plates, using a Perkin Elmer 221 spectrometer. 

Materials 

Compounds of type 1 and 2. A benzene solution of 
2-mercaptoethyl sulphide (1 M) [S(CH,CH,SH),, Al- 
drich] was added dropwise to a benzene solution of 

t-butyldichlorophosphine (1 M) or methyldich- 
lorophosphine (1 M) in the presence of pyridine (2 M) 
at room temperature. After completion of the sulphide 
addition the solution was refluxed for 10 h for the 
t-butyl compound and for 1 h for the methyl com- 
pound. The reaction mixture was then split into two 
parts A and B. 

Half a mole of elemental sulphur was added to part 
A and the solution refluxed for 1 h. The residue 
obtained after solvent evaporation, and after 
chromatographic elution on a silica column with a 1 : 1 
hexane-benzene mixture, allowed the separation of 
the thioxo (P=S) monomers of type 1 and of the 
thioxo dimers of type 2. 

An acetone solution of half a mole of H,O, was 
added slowly to part B at 0 "C. The oxidation reaction 
was immediate. The solution was then dried over 
anhydrous sodium sulphate. Silica column chromatog- 
raphy with a 4 : 1 chloroform-acetone mixture then 
allowed the separation of the 0x0 (P=O) monomers 
of type 1 and of the 0x0 dimers of type 2. 

Compounds of type 3. The compound bearing the 
P-CH, group has been described previo~sly.'~ For 
the t-butyl compound the three co-ordinate phos- 
phorus compound was first synthesized4' and the prep- 
aration of the 0x0 and thioxo derivatives conducted as 
described for compounds of type 1 and 2. 

Compounds of type 4. The preparation of the thioxo 
compound (P=S) has been described in Ref. 12. The 
0x0 compound was obtained as described previously 
by oxidation with H,O, of 2-methyl-1,3,2- 
di thiaph~sphorinane.~~ 

Compounds of type 5. These compounds are described 
in Ref. 3.  

Compounds of type 6. The 0x0 compound was ob- 
tained by reacting 1-propanethiol (2 M) with methyl- 
dichlorophosphine oxide [CH,P(O)Cl,] (1 M) in the 
presence of triethylamine (2 M) in benzene at room 
temperature. The compound was purified by silica 
column chromatography with a 5 : 1 chloroform- 
acetone mixture as eluent. 

To obtain the thioxo compound (P=S) 
methyldipropyldithiophosphite [CH,P(SPr),] was first 
synthesized by reacting 1-propanethiol (1 M) and 
methyldichlorophosphine (1 M) in the presence of 
triethylamine (2 M) in benzene at room temperature. 
The oxidation by elemental sulphur and the purifica- 
tion was performed as previously described for com- 
pounds 1 and 2. 
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