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The indirect two-dimensional 31P,183W and lH,Ig3W shift correlation spectroscopy is presented for the most efficient access to lE3W 
NMR parameters of tungsten complexes that exhibit a J(W,P) or J(W,H) coupling. For the Cpbridged binuclear tungsten complex 
with terminal hydrido groups [W(CO)3H]z[p-[(qs-C,H4)2Si(CH3)2]] (1) as well as the complexes [W(CO)2]2(p-H)(p-PMez)- 
[p-[(q5-CSH,),SiMe2]] (2) and [W2(CO)3](p-PMe2)2[p[($-C,H,),SiMe2]] (3), it is shown that the indirect observation scheme 
is at least by a factor of 100 more sensitive than the one-dimensional polarization transfer (INEPT) technique. Moreover, the 
'H- and )'P-detected multiple-quantum NMR spectroscopy is much more insensitive to misset of the tungsten carrier frequency, 
and therefore larger Ig3W shift ranges can be covered within one reverse two-dimensional experiment. In addition 6(lg3W) and 
the magnitude and relative signs of J(W,H), J(W,P), and J(P,H) can be easily extracted from such experiments. 

Introduction 

Complexes of tungsten are of considerable interest in prepa- 
rative, mechanistic inorganicZ and organometallic3 chemistry a s  
well as in many industrial proce~ses.~ Characterization of dis- 
solved tungsten complexes via lg3W NMR spectroscopy can be 
extremely informative, because the spectral range is large and the 
line widths of the  signals of this magnetically active spin-'/, 
nucleus are n a r r o ~ . ~  Unfortunately the NMR receptivity of the  
la3W isotope is rather low.6 Until now methods for sensitivity 
improvement were based on one-dimensional double-resonance 
 experiment^,^ special pulse excitation techniques,8 use of large 
sample volumes and relaxation reagents: and polarization transfer 
techniques like INEPT.Io Recently, the reverse two-dimensional 
NMR technique was by which NMR shifts of 
insensitive low-y nuclei such as 15N,12313,16 lo3Rh,I7 IS3W , 57F e, l9 
and 1870szo were obtained via observation of the protons coupled 
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to these nuclei. However many tungsten complexes only have very 
small or even no scalar couplings to  proton^.^ On the other hand, 
phosphorous compounds are frequently used as ligands in tungsten 
chemistry and J(W,P) couplings are rather  large.5 We have 
therefore modified a standard multinuclear NMR spectrometer 
for reverse two-dimensional detection of low-y nuclei via the 31P 
nucleus. In this paper the sensitivity and venality of this approach 
is investigated on a semiquantitative level by using the Cp-bridged 
binuclear tungsten complexes 1-3z1,zz with terminal hydrido groups 
as well as hydrido and/or phosphido bridges (cf. Char t  I). 
Furthermore,  i t  will be demonstrated how easily the  tungsten 
NMR parameters 6(la3W), J (W,P) ,  and J(W,H) as well as the  
relative signs of these couplings in 2 can be extracted from reverse 
two-dimensional IH,Is3W and 31P,183W experiments, giving further 
evidence tha t  this technique is superior to  any other reported so 
far for recording the  NMR spectra of low-y nuclei tha t  exhibit 
a scalar coupling t o  a more sensitive nucleus. 
Experimental Section 

Materials. The synthesis and structure of complexes 1-3 were re- 
ported recently.2'.22 The NMR measurements were carried out on so- 
lutions of l and 2 in the THF-d, and of 3 in toluene-d, in sealed 5-mm 
sample tubes. The concentration of 2 was less than 1 mg and that of 1 
and 3 about 10 mg in 0.5 mL. 

NMR Spectra. All NMR spectra of 1-3 were recorded under tem- 
perature control (T = 308 K) on a multinuclear Bruker WH 400 spec- 
trometer equiped with an ASPECT 2000 and a fast-pulse programmer. 
A special 5-mm probe head was used. It is supplied with a deuterium 
lock channel, a doubly tuned inner coil (for ' H  and 3'P), and an outer 
coil for X nuclei in the frequency range between 10 and 20 MHz. 
Pulsing and 90' phase cycling of the 'H and 31P frequencies is achieved 
via the standard homo- and heteronuclear facilities of the spectrometer. 
The X-frequency (e& Ig3W = 16.61 MHz) and its 90' phase cycling are 
generated via a PTS 160 synthesizer. Pulsing of this frequency is 
achieved with a BSV 3 unit. Thereby arbitrary pulsing of two hetero- 
nuclei like 31P and Ig3W can be performed under computer control. 
Additionally, the IH decoupler (BB or CW) can be used in a comput- 
er-controlled multiple power level decoupling mode. The 90' 'H pulse 
via the normal IH transmitter is 8 p s  as against 16 ks via the 'H de- 
coupler. The 90° 31P pulse is 24 ps ,  and the 90' pulse for the X nucleus 
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Figure 1. Reverse two-dimensional 1H,183W spectra of 1 in dependence on the tungsten pulse frequency: (a) on-resonance Is3W pulse; (b) 1000 Hz 
off-resonance lS3W pulse; (c) 10000-Hz off-resonance IS3W pulse ('H at 400.13 MHz; recording time for each experiment 13 min). In the upper traces 
the corresponding F2 projections are shown. Note that the incomplete suppression of the parent signals results from the small number of scans (8) 
per r1 increment (cf. also Figure 3 where the parent ' H  and 31P signals are completely suppressed). 

is appmximately 25 ps in the frequency range 10-20 MHz. For lSpW 
the 90° pulse was 22 PS.~ '  

The IH and 31P ohemical shifts are presented as 6 values relative to 
external Me& and 85% W3P04, respectively. The lS3W chemical shifts 
were calculated via their absolute frequencies using a conversion factor: 
16.613142 MHz corresponds to 6('83W(CQ)6) = -3484 relative to 
NazW04.1s 

{ 1H]+1s3W INEPT spectra was performed with the standard sequence 
and a 16-step phase cycling. Two-dimensional reverse spectra were 
recorded by using sequence 1. This sequence yields 8(lS3W) in the F, 

Recording of the one-dimensional unrefocused 1H+'83W and 

90' 180' 

90" 90" 

I 

preparation; evolution ldetection 

dimension and 'H or NMR parameters in the F2 dimension. Typi- 
cally both the preparation and detection time were chosen around 1 s. 
The number of transitions for each I, increment varied between 16 (for 
1) and 1600 scans (in the 3'P-detected and lH-CW-decoupled spectra of 
2, cf. Figure 3). Between 16 and 96 data points were chosen for gen- 
eration of the Fl dimension, and a speotral width up to 50 000 Hz was 
covered within one experiment. 

The two-dimensional spectra were subjected to sine bell and shifted 
sine bell apodization functions in the FI and F2 dimensions before Fourier 
transformation and are presented in magnitude mode. 

Results and Discussion 
Sensitivity Considerations. In Figure 1 several two-dimensional 

reverse 1H,183W spectra of compound 1 are presented. Identical 
acquisition parameters were used except for the  tungsten carrier 

(23) A comprehensive paper on the reverse two-dimensional >'P,X technique 
(X = low-y nucleus) with a detailed description of the experimental set 
up is in preparation. 
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Figure 2. 1H+183W INEPT spectra of 1 in dependence on the tungsten 
pulse frequency in stacked presentation: (a) on-resonance lS3W pulse; 
(b) 1000-Hz off-resonance and (c) 10000 Hz off-resonance lE3W pulse 
(IS3W at 16.61 MHz; recording time for each experiment 6 h). 

frequency. I n  Figure la it  was set  on resonance and  in par ts  b 
and c of Figure 1 it was set a t  1000 and 10000 Hz off-resonance, 
respeCtively, from the Is3W resonance frequency in 1. The  digital 
resolution in the  F, dimension was 1560 Hz/point  before zero 
filling. T h e  exact 6(lB3W) values were obtained from reverse 
two-dimensional spectra with f l O O  H z  spectral width in the  FI 
dimension and a digital resolution of less than 5 Hz/point. The  
IH carrier frequency was set on the hydride signal 6('H) = -7.42, 
which is known from the one-dimensional spectrum of the sensitive 
nucleus. Each of the spectra (parts a-c of Figure 1) was recorded 
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Figure 3. Reverse two-dimensional spectra of 2 at 9.4 T: (a) IH,Is3W spectrum (recording time 1 h); (b) 31P,is3W spectrum with CW decoupling of 
the PMez protons (recording time 21 h); (c) F l ,  F2 proton-decoupled 3LP,183W spectrum (recording time 5 h). P(P,H) denotes the scaled J(P,H) coupling 
resulting from the CW decoupling of the inequivalent methyl protons of the bridging PMez group. In the upper traces the corresponding F2 projections 
are shown. A total of 2000 transients were collected for the one-dimensional 'H (a) and 31P('H) (c) spectra, which are shown on top. (This corresponds 
to a recording time of 1 .5  and 1 h, respectively.) Note that the low concentration of 2 makes measurement time for the corresponding one-dimensional 
polarization transfer spectra prohibitively long. 

within 13 min. As can be seen from the F2 projections, in practice 
there are no significant differences in the intensity of the satellites. 
Thus we conclude that the reverse 2D technique is very insensitive 
to misset of the X-nucleus carrier frequency. The opposite is true 
for the one dimensional 'H+'83W INEPT experiment, which is 
illustrated in Figure 2. Again the 'H carrier frequency was set 
on resonance while the lS3W carrier frequency was varied: in 
Figure 2a the tungsten pulse was set on resonance, and in Figure 
2b it was set at 1000 Hz and in Figure 2c at  10000 Hz off-res- 
onance from the true 183W frequency. The recording time for each 
of the spectra (parts a-c of Figure 2) was around 6 h. 

A quantitative comparison of the sensitivity of the reverse 2D 
and the 1D INEPT experiment is difficult, because both types 
of experiments cannot be optimized by using identical parameters. 
We therefore compare the sensitivity when the individual ex- 
periments are carried out with optimum parameters. The ratio 
of the sensitivity for these types of experiments is estimated by 
the expression 

(2) (time( 1) /time(2))'I2(S/ N( 2)) / ( S / N (  1)) 
where time and SIN denote the recording time and signal to noise 
ratio of corresponding 2D reverse or 1D INEPT experiments. (In 
the two-dimensional spectra the S I N  values are taken from the 
F2 projections; cf. Figure 1). If the experiments are compared, 
Figure l a  with Figure 2a and Figure l b  with Figure 2b, the reverse 
two-dimensional technique is around 300 times more sensitive. 
(In our case a 1000-Hz misset of the 183W carrier frequency 
practically causes no loss of the sensitivity of the INEPT ex- 
periment.) On the other hand, when the 183W carrier frequency 
differs by 10000 Hz or more from the real 183W frequency, we 
were unable to produce INEPT spectra and the sensitivity gain 
of reverse two-dimensional experiment is then practically infinity. 

Table I. Selected NMR Parameters of 1-3" 

6 ( l W  
compd 6(lS3W) 6(31P) (hydride) J, Hz 

1 -3982 -7.42 J(W,H) = 36.0 
2 -3854 +54.8 -13.88 J(W,P) = +39 

J(W,P) = +200.6 
J(P,H) = -28 

3 -3945 (W') J(W',P) = 95 
-3387 (W2) +73'1  J(W2,P) = 389 

"See Chart I for structures of 1-3. 

Moreover, for compound 2 we could not record 1H+'83W INEPT 
spectra within a reasonable time (40 h) although its 6('83W) value 
was known from the reverse two-dimensional measurement. 

Neglecting rf loss factors, the sensitivity gain of the two-di- 
mensional reverse experiment is (-4~~)~ as opposed to yH/yw 
when the INEPT technique is employed. Theoretically, therefore, 
a sensitivity enhancement by a factor of 580 ('H-detected 183W 
parameters) or I00 (31P-detected 183W parameters) should be 
expected. The numbers given above indicate that these sensitivity 
gains can be obtained in practice. (For a comparison between 
'H- and 31P-detected le3W N M R  parameters cf. also Figure 3). 
Frequently, however, the sensitivity difference between IH- and 
3'P-detected multiple-quantum Ia3W N M R  spectra is less than 
5.8: 1 because J(31P,183W) is larger than J('H,183W) and because 
the 31P signals are not often modulated by homonuclear phos- 
phorous couplings. 

183W NMR Parameters of 1-3. The lS3W N M R  parameters 
of 1-3 are listed in Table I. The 6(183W) values were obtained 
from the F, projections, whereas the relative signs of the spin-spin 
couplings in 2 can be derived directly from the positions of the 
cross peaks as shown in Figure 3. All three nuclei, 'H, 31P and 
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IS3W, have a positive magnetogyric ratio. Since in Figure 3a the 
31P spins are not excited and the ls3W high-frequency cross-peak 
correlates with the low-frequency 'H peak, it follows that sign 
J(W,P) # sign J(H,P). By the same argumentation Figure 3b 
yields: sign J(W,H) # sign J(P,H). Since IJ(W,P) can be 
assumed to be p ~ s i t i v e , ~  the signs of the residual couplings can 
be fixed. 

The I ~ ( ' ~ ~ W )  value for the Cp-bridged complex 1 is similar to 
that observed earlier for C P W ( C O ) ~ H . ~  Also the Ig3W shift of 
2 fits well to what has been obtained for [ C P W ( C O ) ~ ] ~ . ~  In view 
of the large ls3W scale, in such binuclear tungsten complexes 
8(ls3W) does not seem to depend significantly upon the type of 
the substituent (CO, H ,  PMe2) that bridges the two tungsten 
atoms. The ls3W parameters of 3 support the assumption that 
there is a heteroallylic PW2P moiety.22 In such a system the 
phosphorous atoms have partial double bond character that is 
reflected by (compared to 2) smallerJ(W',P) and higher J(W2,P) 
values. The relatively unchanged shift for W' and the substantial 

deshielding of W2 indicate that relevant contributions to the 
bonding in the heteroallylic system results from interactions of 
its terminal atoms with W'. 

Conclusion 
From our findings we conclude that in practice the sensitivity 

gain of the reverse two-dimensional N M R  technique over the 
INEPT observation scheme is quite dramatic for low-y spin-'/, 
nuclei like ls3W. In particular since on-resonance conditions for 
the lS3W nucleus to be measured hardly can be met if 8(Ig3W) 
is unknown, the advantage of the 'H- and 31P-detected multi- 
ple-quantum Ig3W spectroscopy becomes evident. Furthermore 
this technique can also give the relative signs of scalar spin-spin 
couplings. Even when the scalar coupling of the insensitive low-y 
nucleus to a sensitive nucleus like 'H or 31P is small, we feel that 
the reverse two-dimensional recording technique is the method 
of choice. 
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A series of lithium salts of polyfluorinated alcohols were reacted with cis- 1,3-di-fert-butyl-2,4-dichloro-l,3,2,4-diazadiphosphetidine 
(11) to form the polyfluoroalkoxy derivatives. The acyclic derivatives, Le., R@ = CF3CH20, CF3CF2CH20, or CF3CF2CF2CH20, 
gave the trans isomer as the major and stable product. The trans isomer also was the sole product with hexamethyldisilazane. 
However, when R@ = C6FS0 or (CF3)2CH0, the cis isomer was more stable. Silver trifluoroacetate reacted with compound I1 
resulting in the trans isomer as the major product that on standing at 25 OC underwent Arbuzov rearrangement. Reaction with 
lithiated polyfluorinated diols, LiOCH2(CF2)2.3CH20Li, produced the polyfluorobis(a1koxy-bridged) diazaphosphetidine compounds. 

Introduction 
Syntheses and structural properties of 1,3,2,4-diazadiphos- 

phetidines, I (R = aryl or alkyl; X = Cl), and their derivatives 
continue to attract considerable interest among synthetic chem- 
isk2+ Although the first such compound, where R = CsHs and 

trans C I S  

I 
X = C1, was synthesized in 1894,' it was not until 1969 that a 
1,3,2,4-diazadiphosphetidine (R = t-C4H9; X = C1) was fully 
characterized.s Considerable structural data have been gathered 
for compound I, especially where R = t-C4H9 or C6HS and X = 
O R  or NR'R'' (R  = R' and R" = alkyl), to learn about the 
geometry at  P(III).2,9310 There appears to be a direct correlation 
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between the 31P chemical shift and the geometric isomer present; 
Le., the typical chemical shift for the trans isomer is on average 
80-90 ppm downfield from the cis isomer of L2 

Advantage has been taken of the labile character of the 
phosphorus-chlorine bond to introduce alkoxy and dialkylamino 
substituents by straightforward metathetical reactions with re- 
tention of the four-membered heterocyclic ring.2*9-'1 When R 
= t-C4H9 and X = alkoxy or amino, the cis isomers are ther- 
modynamically more stable and the trans isomers that are formed 
in smaller yield are readily converted to the cis isomers either in 
solution at  25 "C or upon extended heating. The 31P N M R  
resonances for the cis isomers are found at  higher field. Of 
particular relevance to our study of 1,3,2,4-diazadiphosphetidines 
with fluorinated substituents was the report that only the cis isomer 
was obtained when I (R = t-C4H9; X = C1) was reacted with 
CF3CH20H in the presence of triethylamine to form the first such 
compound with fluorine-containing substituents a t  P(II1) (I: R 

In an attempt to learn more about the effects of introducing 
nonsterically demanding, as well as bulky, strongly electron- 
withdrawing, substituents a t  phosphorus(II1) on the formation, 
stability, and relative amounts of cis and trans isomers, we report 
the results obtained when metathetical reactions were carried out 

= t-CdH9; X = CF3CH20).'0'1' 

~ ~ ~~~ 
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