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P R E F A C E  

Due to the pressure of his numerous other commitments Eric Mooney 
has decided to stand down as Editor of this series and I have been asked 
to  take his place. A very considerable debt of gratitude is owed to Eric 
for initiating Annual Reports on NMR Spectroscopy and for editing it so 
successfully during the past ten years. 

As the volume of literature relating to NMR expands annually it is 
essential, for people applying this technique to various problems, to have 
access to authoritative reviews on selected NMR topics. It is the aim of 
Annual Reports to provide such reviews particularly in those areas 
which are of widespread current interest. Thus the general review on 
NMR which has been featured in this series will be removed and a 
continuing emphasis given to the NMR of nuclei other than protons. 

In concurrence with the title every effort will be made to produce 
volumes annually. The reviews should thus be timely even though each 
volume may have a smaller number of contributors than has sometimes 
b&n the case in the past. 

Volume 7 contains two reviews which update previous chapters by 
the same authors in Volume 5B. Dr. Fields has devoted his I9F NMR 
review to fluoroalkyl and fluoroaryl derivatives of transition metals, 
while Dr. Witanowski and his co-authors have covered all of the 
literature, pertaining to nitrogen NMR, which appeared between 1972 
and 1976. A valuable contribution of spin-spin coupling interactions 
between carbon and first row nuclei has been provided by Dr. 
Wasylishen. 

Finally, I wish to express my appreciation of the efforts made by 
these authors in the careful preparation of their manuscripts and for 
their forbearance during the preparation of this volume. 

G .  A. WEBB 
University of Surrey, 
Guildford, Surrey, 
England 
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I. INTRODUCTION 
This chapter is concerned with the 19F NMR spectra of transition metal 
derivatives containing fluoroalkyl or fluoroaryl (including heteroaryl) 
groups; it includes compounds where the organofluorine group is 
bonded to the metal via some other atom (e.g., N, P, 0, S) as well as 
those in which the fluorine-carrying carbon is directly bonded to the 
metal. Compounds in which fluorine is attached only to elements other 
than carbon are not considered. 

The review covers the period January 1972 to December 1975 
inclusive, and is intended to extend the sections on transition metal 
complexes in the earlier reviews in Vols. 1-6. (1) Like them, it is intended 
to gather together as much as possible of the scattered information, 
including, where possible, that deposited as “Supplementary Material” 
with the British Library, on chemical shifts and coupling constants of 
this important group of compounds. 

1 



2 R. FIELDS 

As in previous years, all chemical shifts are given relative to CFCl, 
(6,,,,, =0) with negative values when the resonance is to lower 
frequency (i.e. to higher field) than the reference. The following shift 
values have been used where necessary to bring reported shifts to the 
CFCl, scale: 

PhCF, -63.9(0) 
CFCI,CFCl, -6 7 -3  (0) 
CF,CO,Me -74*2(0) 
CF,CO,H -78*5(0) 
C6F6 -162.9(0) 

So far as possible, the same order has been used for the fluoroalkyl 
derivatives in each group of transition metals: a-bonded alkyl, alkenyl, 
and alkynyl derivatives, n-bonded derivatives, and then derivatives 
bonded via N, P, 0, or S in that order. In some cases, notably olefin 
complexes, there is ambiguity about the bonding and this should be 
borne in mind when searching for particular compounds. Fluoroaryl and 
heteroaryl derivatives form a more homogeneous group of compounds, 
and their parameters are considered together across the transition series. 

11. FLUOROALKYL DERIVATIVES 
A. Groups IIIb-Vb, including the lanthanides and actinides 

The main interest in fluorocarbon-containing derivatives of these 
groups lies in the use of lanthanide derivatives as shift reagents. Thus the 
preparation of Eu(FHD),[FHD = C,F,C(O) :CHC(O@)C,F,l and of 
the ligand HFHD are described in the patent literature, (2) and 
Eu(TFN),[TFN = n-C,F,C(O)CH :C(O@)C,F,-n] is reported to be a 
more effective shift reagent than Eu(FOD), for weakly basic substrates 
such as sulphides; (3) the resonances of cyclopentadiene and of 
the spiro-compound [ l ]  are also appreciably shifted by this reagent. 

[ l I  

The complex formed by extraction of uranium(1V) from an acidic 
aqueous solution by benzoyltrifluoroacetone in carbon tetrachloride is 
also reported to be a useful shift reagent, the shifts induced being to 
lower frequency. (4) Adducts with complexes formed from uranium(1V) 
and other fluorinated diketones are also mentioned, but no details of 
shifts are given. 
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The inability of normal shift reagents to complex with olefinic double 
bonds has been overcome by the use of a mixture of silver 
heptafluorobutyrate and europium or praeseodymium heptafluoro- 
octanedionate, the silver interacting with the olefin and the lanthanide 
with the carboxylate group. (5) The shifts observed are, however, rather 
small, as expected in view of the distance of the lanthanide from the 
hydrogens. 

Y 
I 

Sixteen structures of the type [2] (X, Y = CH, or CF,) are pos- 
sible, and the thirty-two possible CF, resonances, as well as the same 
number of CH, signals, and 35 of the 36 C H  signals have been identified 
in the spectra of solutions formed by mixing V(acac),, V(tfacac), or 
V(hfacac), with the appropriate free ligand. The results agree well with 
isotropic shifts calculated on the basis of a model which is discussed in 
detail in the paper. (6) Chemical shifts for the resonances of a similar 
system [21 (X, Y = Ph, CF,) are also reported. 

Complexes are readily formed in solution between lanthanide ions and 
2-acetamidohexafluoropropan-2-01 (HAcfp), but in an organic solvent 
the original complexes decompose to give products tentatively for- 
mulated as M,(Acfp),(OH), . CH,CONH,. (7) The lanthanum complex 
is the only one of the ten studied (M = La, Pr, Nd, Sm, Eu, Tb, Dy, Ho, 
Er, Yb) to be diamagnetic, and shows two peaks at 6 -8 1.4 and -82.1 
(compared with -82.5 for the free ligand HAcfp). Cerium(II1) under 
similar conditions gives only the neutral eight-coordinate Ce(Acfp),, 
with a singlet at 6 -80.7. 

B. Chromium, molybdenum, and tungsten 
Perfluoro( 1-methylpropeny1)silver reacts readily with cyclopenta 

dienyldinitrosylchromium chloride in dichloromethane, to give the 
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corresponding propenyl derivative [31 with the 19F parameters shown. 
(8) No coupling between the CF, groups was observable, indicating 
retention of the original trans configuration of the silver compound. 

-65.3 

I31 

The complex formed by the reaction of dicyclopentadienyldihydro- 
molybdenum with hexafluorobut-2-yne showed, in toluene at room 
temperature, a pair of equally intense doublets of quartets [d -58.3 and 
-59.6,  J(CF,-H) 9 Hz, J(CF,-CF,) 2 Hzl for the P-CF, groups in [41 

(Z-C~H, )~  Mo(H)C(CF,) :CHCF3 
P a 

I41 

l4al  14b1 

and two equally intense quintets [d -59.0, -63.9, J(CF,-H) = J(CF,- 
CF, )=2  Hzl for the a-CF, groups. (9) At -77OC (in THF, 
immediately after preparation at -78 "C) the low-field doublet of 
quartets and quintet were four times as intense as the high-field pair of 
signals, but the relative areas changed slowly at room temperature, and 
equilibration was complete at 54OC in 2 hours. The coupling constants 
preclude any geometrical isomerization about the double bond, and the 
appearance of doubled signals is attributed to the presence of two 
conformers [4a, b1, interconversion being slow on the NMR time scale. 

H2 

151 
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A series of complexes containing the dihydrofuranato- or tetrahydro- 
furanato ring, [51 and [61 respectively, has been prepared by the reaction 
of the molybdenum or tungsten 2-alkynyl- or 2-alkenyl-complexes with 
hexafluoroacetone. (10) The CF, groups of [51 [M = (n-C,H,)Mo(CO),, 
R =  Phl appear as a singlet (6 -73.6), but for [61 [M = (n- 
C,H,)Mo(CO),, R = R' = H, R" = Ph, and M = (n-C,H,)W(CO),, 
R =  R' = H ,  R" =Me] they appear as pairs of quartets (6 -74.4, 
-70.4, J 9.4 Hz, and 6 -76-2, -72.2, J 8.8 Hz respectively), as 
expected for geminal CF, groups adjacent to an unsymmetrically 
substituted ring carbon. 

The dimeric acetylene complex [(n-C,H,)Mo(CF,C,CF,)Cll~ shows 
a single 19F absorption (6 -50.12), as do the 16-electron bisalkyne 
complexes (n-C,H,)Mo(CF,C,CF,),X (X = C1, Br, I, 6 -56.85 to 
-56.68) at 307 K, but at 193 K the latter show two signals (6 -56.0 to 
-55.74 and -57.61 to -57.70). (10a) Discussion of the spectra is 
reserved for a later paper. 

NBu' 
-4 

c1 
CVF3 

v 

EF3 

17al I7b1 I81 

The I9F (and 'H) spectra of [7a] (M = Mo, X = CF,; M = W, 
X = C1) are stated to be temperature dependent, consistent with 
the presence of isomeric species such as [7bl, and similar changes are 
reported for [81, but no details are given. (1 1) 

The reaction of a series of trifluoromethylphosphorus derivatives with 
tetracarbonylnorbornadiene-molybdenum or -chromium allows the 
preparation of the corresponding complexes [91 which give well resolved 

CO 

191 
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T A B L E  I 
Some 19F NMR parameters" for cis-L,M(CO), I91 (12) 

M 

Mo 
Mo 
Mo 
Mo 
Mo 
Mo 
Mo 
Cr 
Mo 
Mo 

__ 
L 'J(P-P') 'J(P-F) A2J(P-F)b 

37.5 k 0.5 88.4 
36.5 ? 0.5 83.4 
34.4 ? 0.4 74.9 

23 f 2 73.6 
45.4 f 0.3 97.6 
45.8 & 0.3 87.9 

s 59.1' 
s 57.6' 

I 91.4' 
I 72.5' 

+3.3 
+2.8 
+1.7 
+5.0 

+17.7 
+ 18.3 

( + I  I .2) 
(+9.1) 

0.7 -65.0 
0.5 -63.05 
0.6 -60.1 
0.4 -53.9 
0.8 -75.0 
0.9 -72.5 

-51.1 
-5 1 .o 
-65.7 
-59.6 

AdFC 

-3.6 
-3.55 
-4.7 
-6.4 
-2.9 
-4.7 
-8.7 
-8.6 
-3.8 
+0.4 

" Chemical shifts in ppm, coupling constants in Hz. Not resolved. 
zJ(P-F) observed - ,J(P-F) ligand. "J(P-F) + 'J(P-F'). 

'J(F-H) - 8.8 Hz. ' 6 ,  observed - 6, ligand. 
'J(F-H) = 7. I Hz. 

I' 'J(F-H) = 9.0 Hz. 
' Not observed. 
J Observed doublet splitting. 

19F spectra, the X parts of [X,AI, systems, in which J(A-A')(=*J(P- 
P')) can usually be obtained by inspection. (12) Some of the parameters 
obtained are given in Table I. The P-F coupling constants have the 
same sign in all the compounds studied, presumably positive. It is 
suggested that the simple doublets observed for [91 [L = (CF,),PNMe, 
and L = (CF,),PNCSl result from chemical exchange between the 
complexes and small amounts of free ligand in solution, since such 
exchange is known to relax AX coupling in AA'X systems, the resulting 
spectrum appearing a s  a doublet when A and A' are strongly coupled. 
(13) In all the complexes where it could be observed, 4J(F-F) was small, 
and in most of the (CF,),PX complexes ,J(P-F) was within 5 Hz of the 
value for the free ligand. This coupling constant changed much more 
markedly for the CF,PX, complexes (9-18-3 Hz). The thermal reaction 
between W(CO), and (CF,),P.P(CF,), gave mainly [ 101 with the 

-138.7 

-68.3 

'J(P-F) 976 HZ 
*J(P-F) 94 HZ 

[ 101 
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parameters shown, (14) which are similar to those of other complexes of 
(CF,),PF. (15) 

H4’ Me, 12: a, M = C r  b , M = M o  

,M(CO), J(3-3’) 49.6 49.1 HZ 
H4 J( 3 ’ 4 )  15.7 14.0 HZ ”’*::‘ F3‘ Me2 J(3’-4‘) 48.3 49.2 HZ 

6FJ’ - 193.17 -193.47 

[I21 

. NMR parameters for a wide range of fluorocarbon-containing chelate 
complexes of di-tertiary arsines and phosphines have been reported. 
(16-22) The parameters for some are shown in [ I l l  to 1191. Selective 
I9F-{ I9F} double resonance studies of the chromium complex [ 13al show 
that J (F4-F3’) and J (F4’-F3’) have the same relative signs, and J (F4- 
F4’) and J(F4’-F3‘) have opposite signs, whence the vicinal F-F 
couplings are negative. (17) The vicinal H-F couplings in [13a] show 
that the complex has a strong preference for the conformation in which 
the two fluorines are in axial positions [14a], and the single fluorine in 
the monofluoroethane-complex is similarly found to  prefer the axial 

F4’ 

H 3  Me, a, M = Cr  b, M = Mo c, M = W 
6F3’ -219.67 -219.29 -219.31 
6F4 -120.06 -119.69 -119.90 
6F4’ -129.5 1 -128.42 -130.51 

[131 

J(3-3’) 49.1 48.9 48.7 
J( 3-4) 5.3 4.7 4-5 
J (  3-4’) 14.8 16.1 15.1 
J(3I-4) -23.8 -23.2 -23.6 
J ( 3 ’ 4 ’ )  -15.9 -16-3 -16.4 

[ 141 J ( 4 4 ’ )  267.9 268.4 269.9 

~ 3 ’  Me, 
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a , M = C r  b , M = M o  
6F3’ -219.49 -219.39 
6F4 -122.40 - 122.06 

F 4 F k y 2  6Fj‘ - 127.99 -127.50 
J( 3-3’) 48.4 48.0 
f(3-4) 6 . 0  5 . 2  
J(3-4‘) 18.5 19.7 

I151 J ( 3 ‘ 4 )  -17.6 -16.8 
J( 3‘-4’) -15.5 -15.4 
J(4-4‘) 269.5 269.8 

F3’--- M(CO)4 

H 3  Me, 

position [ 121. In the solid state, complex [ 13al has been shown to have 
the “equatorial H” structure in accord with the NMR results. (1 8) 

Similar systematic studies of the spectra of the molybdenum and 
tungsten complexes [ 13b, cl, and of the molybdenum complex [ 12bl (the 
tungsten analogue of [ 121 could not be prepared, the ligand acting in this 
case only in a non-chelating monodentate fashion) show a similar 
preference for conformations in which fluorine is axial, and 19F 
parameters for solutions in CHCl, are shown with the structures. (19) 
Parameters obtained for solutions in other solvents are also given in the 
paper. The diphosphine derivatives [ 15al and [ 15b1, with the parameters 
shown (the coupling constants between the two different phosphorus 
atoms and each of the fluorines are also tabulated in ref. 19), were also 
prepared, and appear to have a similar conformational preference. The 
complexes [ 16al and [ 16bl of the racemic 1,2-bis(dimethylarsino)- 1,2- 
difluoroethane, however, show a slight preference for the conformation 

H4’ a, M = M o  b , M = C r  
6F -2 1 1.96 -212.10 
4 3 - 3 9  = 4 4 - 4 ’ )  50- 1 49.9 
J( 3 -4) -26.3 -27.9 

J( 3 ’-4 ’ ) 7.4 7 - 1  

H3‘--- F4- ~ % ( C O , ,  
dS 

F 3  Me, J(3-4’) = J(3I-4) 10.4 1 1 . 1  

I161 

co Me2 co Me, 
oc, I ,As 
‘oc lM, I As 

co Me, H4, 

[17 l  [18l 

I171, in which the fluorine atoms are equatorial rather than I181, with 
axial fluorines, as  shown by the vicinal H-H and H-F coupling 
constants, and in [ 191 the vicinal coupling constants are completely 
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averaged, presumably by rapid (NMR time scale) interconversion of the 
conformers shown, and only the sum (72, 73, 72 Hz for M = Cr, Mo, W 
respectively) could be obtained. Variation in the solvents used caused 
only small and inconclusive changes in the spectra. (1 9) 

6, (in C6H6) -105.8 for M = Cr (not reported for M = Mo, W) 

I191 

Variable temperature studies of [121, [13al, [171 and [19, M = Crl 
show little change in coupling constants with temperature, except for 
[17al, for which the conformer with axial hydrogens has the lower 
energy. (20) Five-membered ring chelate complexes incorporating a 

CF,, /CF, ,c=c, 
Me,As AsMe, 

1201 
double bond have also been prepared from the appropriate metal 
hexacarbonyl and the ligand [20l. (21) The 1 : 1 complexes L-LM(CO), 
(M = Cr, Mo, W) all show singlet CF, absorptions (6 -50.2 to -50.6) 

T A B L E  I1 
Some "F NMR parameters for complexes of 1201 (21) 

Compound" 6, J(F-F) HZ 

~UC-(L-L)~  (L-L)M' Cr(CO), 
~uc - (L-L)~  (L-L)h'T Cr(CO), 
cis-( L-L):Cr(CO), 
rruns-(L-L):Cr(CO), 
~uc - (L-L)~  (L-L)MCM~(CO)3 
~ U C - ( L - L ) ~ ( L - L ) ~ ~ M O ( C O ) ,  
cis-(L-L):Mo(CO), 
rruns-(L-L)B,Mo(CO), 
/uc-(L-L)~(L-L)Mc'W(CO), 
juc- (L-L)B (L- L)MT w (CO), 
cis-(L-L)!W(CO), 

-52.0~, -53.6q. -54.6q 12.0 
-51.6~, -50,4q, -52.0q 2.2 
-50.6s 
-49.8s 
-50.8s. -52.9q. - 5 3 . h  11.3 
-50.2~, -49,2q, -50.3q 2.3 
-50.6s 
-49.6s 
-50.8~, -52.7q, -53.0q 13.5 
-50.8br s, -49.6q 2.2 
-50.2s 

" (L-LY, bidentate ligand 1201; (L-L)Mc, monodentate ligand, cis CF, groups; (L-L)MT, 
monodentate ligand, fruns CF, groups. 
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and also a single As-CH, signal, indicating that the chelate ring is either 
planar in solution, or is in rapid conformational equilibrium between 
envelope forms. Further reaction of the 1 : 1 complexes with the ligand 
gives rise to further substitution products in which the ligand may be 
bidentate, displacing two carbonyl groups, or may be monodentate and, 
when co-ordinated in this way, may undergo geometric isomerization 
photochemically, as shown by the change in J(CF,-CF,). The 
parameters reported are summarized in Table 11. The complexes cis-(L- 
L),M(CO), (M = Cr, Mo, W) each show four signals for the As(CH,), 
groups, as expected, but only a single CF, signal, and it is presumed that 
the CF, groups are insensitive to the different environments about each 
arsenic atom. 

FB‘ I;’ 
0 
C 

F B ’  
FB I 

P C - H  

oc, L ,x 
Me2 

y’ \‘As--/--C~~~, 
As-C \ 

FA I Me2 

c1 
[21al M = Cr, X = Y = CO 
[21b1 M = Mo, X = Y = CO 
[21cl M = Mn,X = C 0 , Y  = I  orX = 1,Y = CO 

[21al -91.58 -97.27 +275.2 +2.0 +9-3  +47.2 5.6,  15.2 

The NMR spectra of the six-membered chelate ring complexes 1211 
have been analysed with the aid of proton decoupling and weak F-F 
decoupling to give the complete energy level diagram. The parameters 
derived are shown. (22) The vicinal H-F couplings are sufficiently 
different to exclude conformers with the chlorine locked in an axial 
position, and to make it unlikely that they are very predominant in 
solution; there are too many uncertainties about the assignments of the 
fluorines (from the AA’BB’ analysis, which does not allow unique 
assignment of J(A-A’) and J(B-B’)) and about the effects of 
conformation and substitution on J(F-FVi,) to clarify the conformational 
problem further, but an X-ray diffraction study of [21al shows that the 
chlorine is equatorial in the crystal. (23) 

6, 6, J(A-B) J(A-B’) J(A-A’) J(B-B’) J(F-H) 

[21bI -90.29 -97.34 +276.9 +2.O + 8 - 3  +49*1 6.0,  15.8 

(71-c~ HJM (CO), SC F, 

(22al M = Mo, 6 -26.2 
(22b1 M = W, 6 -27.0 
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The photochemical reaction between bis(trifluoromethy1)disulphide 
and (n-C,H,)Mo(CO),I or [(n-C,H,)Mo(CO),l, gives the trifluoro- 
methylthio-derivative [22a] with the 19F shift shown, and a similar 
reaction with [(n-C,H,)W(CO),lt gives the analogous tungsten com- 
pound [22b]. (24) Decarbonylation of [22al readily gives the dimer 
[ (n-C,H,)Mo(CO),(SCF,)],, which, in view of its single I9F signal (6 
-40.6) is assigned the syn-form, although the authors point out that this 
could also be consistent with flexing of the molecule. The analogous 
tungsten compound could not be isolated, but both molybdenum and 
tungsten compounds [M(CO),(SCF,)], (M = Mo, 6 -40.5; M = W, 6 
-43.1) were obtained from the reaction between M(CO), and 
bis(trifluoromethy1)disulphide. (25) 

C. Manganese and rhenium 
The reactions of Me,MMn(CO), (M = Si, Ge) with fluoro-olefins and 

fluoroacetylenes give a range of a-bonded alkyl- and alkenyl-manganese 
complexes for which the parameters shown in [231 to [271 are reported. 
(26) The chemical shifts for [231 are similar to those reported previously 
(27) for the germanium and tin analogues, but the compounds [24a and 

-110 -55 
Me,SiCF,CF,Mn(CO), 

I231 

CF, CF, 
I I  

Me,MC=CMn(CO), 

[24a1 M = Si, 6-56 
(24bl M = Ge, 6 -55.9 

(3)F,C C F , W  

[25a1 M = S i  -52.8 -54.9 -50.8 -54.9 
[25b1 M = G e  -53.9 -55.0 -51.1 -56.0 
[25cl M = S n  -53.8 -56.9 -5 1 so -60.7 

6CF,(1) dCF,(2) 6CF3(3) 6CF,(4) 

1261 1271 
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bl show only a single absorption, presumably because of accidental 
equivalence. The corresponding tin compound shows the expected two 
peaks at 6 -49.7 and -50.9. (28) In the series [25a-cl the singlets at 6 
-53 to -54 show coupling to 31P when one carbonyl group is displaced 
from manganese by triphenyl phosphite, and are therefore assigned to 
CF3( l), and the peaks at highest field are assigned to CF3(4) since they 
show the largest changes in the series. The remaining peaks both show 
quartet splitting (J 19 Hz) and are assigned to the vinylic CF, groups. 
The structure of [261 was deduced from the chemical shift of the CF, 
group and its coupling to hydrogen, along with the IR data. The reaction 
of perfluoro-(1-methylpropeny1)silver with bromopentacarbonyl- 
manganese or -rhenium gives [28al, with the parameters shown, and 

-65.0 

1291 128al M = Mn 
[28bl M = R e  

[28b] (6 -48.4, -63.3, -80.5, J (CF3-F,,) - 6,J(CF3-Fci,) 19.7 Hz), 
respectively. (8) Rhenium carbonyl anion reacts with perfluoro- 
(tetramethylallene) to give [291 for which the chemical shifts (only) were 
reported. (29) 

-163.5 

I311 

R F(1) F(2) F(3) F(4) F(5) F(6) 
131al H -159.5 -121.0" -123.5" -181.5 -193.5b -117.1 
131bl Me -159.5" -118.9 -123.9 -188.5 -152.7" - 1 1 5 - 3  
( 3 1 ~ 1  Ph -160.1" -119.3 -125.4 -181.6 -162.1" -106.1 

Assignments may be reversed within the pair. Doublet, J(F-H) 50 Hz. 
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The reaction of perfluorobicyclo[2,2,Olhexa-2,5-diene [(perfluoro)- 
Dewar-benzene] with [Mn(CO),]Q gives [301, (30) the parameters 
shown being similar to those reported (31) for the rhenium analogue. 
The addition-compounds [3 1 a-cl were formed in photochemical 
reactions of RMn(CO), with the Dewar-benzene. The assignment of the 
band at highest frequency (6 -1 17- 1) in the spectrum of [3 la1 to F(6), is 
in accord with the results for [31b and cl, and differs from a previous 
assignment. (3 1) The deshielding of the bridgehead fluorines in [3 1 b and 
c] is taken as evidence that the metal and group R are both on the same 
side of the molecule as the bridgehead fluorines. 

The pentafluorophenylthiolate complex { Mn(CO),SC,F, j 2  reacts 
readily with perfluorobut-2-yne to give the adduct [321, with the 

[No parameters reported 
-59.3 m 

I I 

‘bF5 -62.8 
-68.3 

CF, J(F-H) 2 . 2  Hz 
CCF, S. 

OC-M~--CCF, 
( I  -6 1 .O 

\ N o  parameters reported oc co 
I321 1331 

I 

MnO R, =C,F,; 6(CF3)-51*l, -52.3 
(CO), R, = CF,; 6(CF,)-50*4, -52.7 

1341 

parameters shown. (32) 3,3,3-Trifluoropropyne also reacts readily with 
the thiolate complex to give [331. At higher temperatures, 
{ Mn(CO),SC,F,!, gives [34, R = C,F,l, the structure of which, with the 
five-membered ring in an envelope conformation with the sulphur 
displaced away from the metal, has been confirmed crystallographically. 
(33) The trifluoromethylthiolate { Mn(CO),SCF,}, fails to react with 
perfluorobut-2-yne below 75 OC, but above this temperature, (34, 
R = CF,] is formed. The zwitterionic character of this complex is 
suggested by the chemical shift observed for the S-CF, group (6 
-68.2) compared with the normal S-CF, range of 6 -30 to -50. 

Parameters reported for the dihydrofurananato- and tetra- 
hydrofuranato-complexes of Mn(CO),, [ 5 ,  M = Mn(CO),, R = Me, 
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135al Y = AsMe, 
[35bl Y = PPh2 

Me As-M(CO), 
5 / \  

AsMe, 

136al M = Mn; -107.0 [37a1 M = Mn; -1034-106.8,  complex 
136bl M = Re; - 106.8 137bl M = Re; -130.5, -134.5, complex 

Ph], (6 -75.5s) and [6, M = Mn(CO),, R = Phl, (6 -74-7, -71.4, 
quartets, J 9 Hz), are similar to those of the molybdenum, tungsten, and 
iron analogues. (10) 

The reaction between Mn,(CO),, and [35al (“f,fars”) under UV 
irradiation in acetone gives the symmetrical product [36al, (16) which, 
when refluxed in xylene, gives [ 37a], both structures having been 
determined crystallographically. (34) A by-product, f,farsMn(CO),Cl 
(6 -1 10.3) was also formed. Parameters for the rhenium analogues, 
[36bl and [37bl, and for some similar compounds are given with 
formulae [361 to [43]. (16, 35, 36) The complex patterns observed for 
(OC),Mn - Re( CO), 

/ /  
Me2As AsMe, 

H f,farsMn(CO),I 

[391 
- 110.5s 

f4 fos M n2( CO), f,farsRe,(CO),I 
Complex patterns, -104.8s - 

-106.5, -1 10.1 

I411 [421 

f4fosRe2( CO), 

1401 
- 107.8s 

(OC),Re-Re(CO), 
/ \  

Me,As AsMe, 

-101.7t F2 8 F 2  
F2 

1431 
- 127.0 quintet 
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[411, the product of the reaction between [35bl (,‘f4fos’’) and 
Mn,(CO),,, contrast with the singlet for the product from Re,(CO),,. 
The latter, [401, is thought to be symmetrical, like [361, but the structure 
of 1411 is not yet known. The thermal reaction of Mn,(CO),, with cis- 
CF,C(AsMe,) : C(CF,)AsMe, gave a product with a completely different 
structure, shown crystallographically to be [441, with the parameters 

J(CF,-Fb) 26 Hz 

144 1 
shown. (37) Photochemical reaction of the ligand with Re,(CO),, leads 
to.incorporation of a CH,O group into the product, for which structure 
[451 is preferred, since the other structure which would fit most of the 
spectroscopic parameters would contain the grouping Re-0-CH,- 
C(CF,), and would be expected to show CH,-CF, coupling. (37a) The 
high frequency quartet in [451 shows further fine structure due to 
coupling the adjacent AsMe, group. 

co Me, -53.2 

Re CCF, 
OC JO‘CH2-O -59.1 

As-CCF,- 

/ 

/ \\ A 1 2 . 4 H z  
I 

145 1 

The preparation of a series of five-membered chelate complexes [46a- 
cl, [47a-c], and [48a-c], analogous to the chromium, molybdenum, and 
tungsten compounds [ 12- 191 and the analysis of their NMR spectra in a 
range of solvents and at a range of temperatures has been reported. (38) 
Complete analysis was possible, with the assistance of I9F{ ‘H} noise 
decoupled spectra, and the parameters given with the formulae result 
from iterative analyses. The two conformers of [46a-c1 are expected to 
have very similar vicinal coupling constants, and the relative populations 
could not therefore be established. The coupling constants in [46a-c] 
showed the biggest changes with change of solvent of all the chelate 
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OC,in,!i*Fi 

oc Me2 H; 
oc’l ‘As H; 

OC F, 

6 F4 SF; J(3-4) J(3-4’) J(3’-4) J ( 3 ’ 4 ‘ )  J(4-4’) 
146al X = C I  -92.06 -107.06 44.9 6.7 12.7 7.0 248.5 
146bl X = Br -91.79 -106.62 42.0 7.0 14.9 7.2 248.4 
146~1 X = I  -92.93 -103.59 40.5 7.7 14.5 8.2 245.1 

- 
OC/I  ‘As 

0 F, OC Me, H; 

bF3“ bF,“ J(3-3’) J(3-4’) 4 3 ’ 4 )  4 3 ’ 4 ’ )  J ( 4 4 ’ )  
147al X -CI -214.42 -219.62 52.8 17.4 16.9 -14.2 52.0 
147bl X = B r  -214.02 -218.66 52.7 17.4 17.1 -15.3 51.9 
147~1 X = I  -213.73 -217.29 52.6 17.9 17.1 -15.6 51.7 

Arbitrary assignment 

6 F; 6F4 6F; J(  3-3‘) 
148al X = C1 -235.5 1 -1 14.55 - 121 *23 48.5 
148bl X = B r  -234.21 -1 14.42 -120.92 48.5 
148~1 X = I  -232.54 -1 14.59 - 120.60 48.3 

J(3-4) J(3-4’) 4 3 ’ 4 )  43’-4’) J(4-4’) 
148al X = C l  26.4 7.2 -10.9 -12.8 250.4 
148bl X = B r  26.2 7.3 -10.6 -13.2 25 1 *4 
148~1 X = I 25.2 7.5 -10.9 -13.5 251.0 

148’1 
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complexes studied, but no firm conclusions could be drawn from this. 
The vicinal H-F couplings for [47a-c1 show that the fluorine atoms are 
gauche both to hydrogens and to each other in the preferred 
conformation, and for [48a-c1 suggest an “equatorial” hydrogen in the 
preferred conformation, as for the group VI derivatives, (19), possibly 
with a somewhat smaller “equatorial preference” in [481. The authors 
point out, however, that the influence of other changes (e.g. in metal) on 
the coupling constants are still unknown. No choice is possible on the 
basis of the present evidence between structure [481 (axial H syn to X) 
and [48’1 (axial H anti to X), but it is pointed out that the two isomers 
would be unlikely to have identical shifts and coupling constants, since 
in [471 the two equatorial fluorines have shifts differing by some 5 ppm. 

The six-membered chelate complex [2 lcl corresponding to the group 
VI complexes [21a, bl has also been prepared, but only the H-F 
couplings (4.0, 21.2 Hz) are reported. It is suggested that the higher 
value for J (H-F trans) in this complex may indicate a greater proportion 
of the conformer with axial hydrogen. (22) 

The preparation of pentacarbonyl(trifluoroacetato)manganese has 
been reinvestigated, and the I9F NMR spectrum is now found to consist 
of .a singlet (6 -76.2) in the range reported for other trifluoroacetate 
derivatives. (39) Thus the explanation advanced by earlier workers (40) 
for their failure to obtain I9F NMR spectra for the compounds 
Mn(CO),(O,CR,) (R, = CF,, C,F,, n-C,F,) (that the signals were 
broadened by coupling to ,,Mn, I = 5/2) must be discounted. 

Photolysis of CF,SSCF, in an open system in the presence of 
Mn,(CO),, gives the known bridged complex [Mn(CO),(SCF,)l,, (24, 
41) but in a sealed tube, the unstable monomeric complex 
Mn(CO),SCF, (6 -25.3) may be identified spectroscopically. (25) 

D. Iron, ruthenium, and osmium 
Heptafluoro-n-propyliron tetracarbonyl iodide reacts with potassium 

bis- and tris- pyrazolylborate to give complexes [491 and [501, with the 
parameters shown. The product [491 was shown by its ‘H NMR 
spectrum to contain about 30% of the facial isomer [49al, but I9F 
parameters for this isomer are not reported. (42) The shift to higher 
frequency of the CF, group adjacent to the metal in these complexes is 
rather less than that in [511; the parameters for complexes [53, 
R, = C,F,, I-C,F,l are similar to those shown for [ 5  1 I and [521. (8) 

The I9F NMR spectrum of (n-C,H,)Fe(CO)(PPh,)CF, consists of a 
doublet [J(P-F)2.9 Hzl (6 + 13.5) which broadens and coalesces as the 
temperature is reduced. (43) The a-fluorines of the corresponding C,F, 
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B 

oc 
Y,l ,N-N, ,H 

Y e ,  oc I N-N’ ‘H 

[49al X = CO, Y = n-C,F7 
[49b1 X = n-C,F,, Y = CO (501 

6CF, zF2(0) x F , ( a )  J (CF,-CF,(g)) 
[49al -80.4 - 1  17 -87.3 14 
[501 -80.3 -1 17.5 -87.8 14 

compound [541 are diastereotopic, due to the chiral iron atom but, as 
expected for a predominance of conformer I54’1, the 19F parameters do 
not change greatly with temperature. (44) The analogous complexes 
[551 containing perfluoroisopropyl groups show the expected diastereo- 
topic CF, groups, and selective decoupling of these resonances allows 
observation of the vicinal P-F coupling, the value of which for [55a] 
(L = PPh,) is essentially invariant over the range 200-300 K, again 
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suggesting a predominance of a single conformation, expected to be that 
shown. On this basis the larger coupling in [541 might also be assigned 

-81.7 -63.3 -59.9 r-C,H, 

oc '$;Ph3 

r( 
CF3C FaFbFe(CO)(n-C,H,)(PPh,) 

J(P-Fa) 43.6 HZ 
J(P-Fb) 1.4 HZ 
J(CF,-CF,) 2.1 HZ 

CF3 

[54'1 
[541 

[55al L=PPh,  
CF3 X F ,  -66.3, -66.9; J(CF3-CF,) 9 HZ 

6CF -173.2; J(F-CF,) 1 1 Hz, J(P-F) 37.9 HZ 

X F ,  -66.1, -67.4; J(CF,-CF,) 10 HZ 
X F  -175.6;J(F-CF3) 10 Hz,J(P-F) 26.4 HZ 

n-C,H, [55bl L = PMePh, 
F 

(at room temperature) 

F3cJ&L 

t o '  the gauche coupling and the smaller one to 3J(P-Ftrans), but 
substituent effects may also be important. This coupling changes, 
however, in [55bl (L = PMePh,) from 30.0 Hz at 350 K to 18.3 Hz at 
210 K (in toluene and methylene chloride respectively, but solvent 
effects were shown to be small), suggesting that the decrease in ligand 
size (PMePh, < PPh,) allows the population of other rotamers to a 
significant extent. The parameters for the compounds Fe(CO),- 
LCF(CF,),I [56a, L = PPh,; b, L = PMePh,; c, L = PMe,Phl are 

Fe(CO),L[CF(CF,),lI 

6CF, J(P-CFF,) 6CF J(P-CF) J(CF,-CF,) 
I56al L = PPh, -66.5 1.9 -155.8 10 10.5 
156bl L = PMePh, -67.0 2.0 -156.8 1 1  10.4 
156cl L = PMe,Ph -67.1 1.9 -157.1 1 1  10.4 

shown with the formulae. Although the phosphines have quite different 
steric requirements, ,J(P-F) is essentially the same in all three com- 
pounds and molecular models support the rationalization that this is due 
in all three compounds to essentially unhindered rotation about the 
Fe-C bond. 

The photochemical reactions of tricarbonylcyclobutadieneiron com- 
pounds with tetrafluoroethylene and hexafluoropropene give rise to 1 : 1 
addition compounds [571 to [591, the structures of which were 
determined spectroscopically. (45) 19F parameters are given with the 
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[57al R = H 6CFf -118 .0 ,XF;  -66.1, J(CF;-HC) 5 Hz 
(57bl R = Me 6 -70.8, -120.8 

structures. The CF, groups of [57bl both showed triplet splitting (J(F-F) 
3.0 Hz), but this was not observable in [57al. The band at 6 -66.1 
showed H-F coupling ( 5  Hz), and was thus assigned to the CF,-CH 
group (CF;), leaving the band at -1 18-0 for the CF,-Fe group (CF;). 
Such a low frequency absorption for a CF, group adjacent to a low- 
valent transition metal is certainly unusual (although the authors point 
out that shifts of 6 -112 have been observed for MCF,CF, in 
metallacyclopentanes (46)), but the H-F coupling in the low-field band 
appears to preclude the alternative assignment. 

..&(‘ ..! R & *-.. 

“F(2) 

i=R /,CF, 

/CF3 
l = R 1  ‘\F( 1 )  

(OC),Fe\ /,F(3) (OC),Fe 

% - ( 2 )  I C \ F (  1) 

l58l 1591 

a : R = H  -69.3 -143-5 -111.8 -120.2 11.0 
b : R =  Me -69.3 -155 .0  -107.5 -123.0 11.0 

dCF, dF(1) 6F(3) J(CF,-Fl) 

J(CF,-F2) J(CF,-F3) J(  1-2) J(1-3) J(2-3) 
a ; R = H  3-0 16.0 - 9 - 0  244 
b: R = Me 3 .0  17.0 11.0 8.0 240 

Both structures [581 and [591 could fit the spectroscopic properties of 
the adducts with hexafluoropropene, the authors tentatively favouring 
[58l. A long-range coupling in b8aI between Ha and F1 (3 Hz) is 
noteworthy, as is the absence of detectable coupling between HC and 
fluorine (cf. 157aI). The I9F NMR spectra of the reaction products from 
the tricarbonylcyclobutadieneiron compounds and hexafluorobutadiene 
clearly establish that rearrangement of the perfluorodiene has taken 
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6CF, 6CF 6CF2 J(CF,-CF2) J(CF,-CF) J(CF,-CF) 
l60al R = H  -68.1 -94.8 -95.8 15.0 11.0 5.0 
160bl R = M e  -68.2 -94.8 -96.8 16.0 11.0 8 .0  

place to give [ 601. Hexafluoroacetone reacts with tricarbonyl- 
(tetramethylcyc1obutadiene)iron to give a product shown by its NMR 
spectra to be a 3 : 2 mixture of compounds, the minor one of which has 
chemically equivalent CF,  groups (sharp singlet, 6 -80.0) as required 
by either [611 or [621, and the major isomer shows a broad signal (6 

-82.8), in accord with [631. These complexes react with phosphines or 
phosphites to give products [641 (6CF, -70.4 to -72.4) analogous to 
[571, [581, and [591, the absence of P-F coupling suggesting that the 
structures are as shown, rather than having the FeC(CF,),O grouping. 

The reaction of trifluoroethylene with tricarbonyltetramethyl- 
cyclobutadieneiron resulted in the unusual insertion product [65 1, with 
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I9F NMR parameters shown, as well as the product analogous to [571. 
(47) When heated, [651 gave a mixture of 1661 and [671. 

0 
CF3 

Me@Me & CO 

Me MeFe-Fe 
-55 .7  ' - \ / \ / M e  Me 

oc / \ /  c Me '-3 \ - /  Me 

CF3 
O -52.05 

II 

[661 
1651 

: Me 
7 ,Me 

Me 

-53.9 

o c  
(OC),Fe' 'H 

I671 

Formally similar products, involving formation of a 7r-allyl-metal 
system and insertion of fluoro-olefin between the metal and the terminal 
carbon of the original diene, are obtained from tricarbonyl(diene)iron 
compounds and fluoro-olefins. (48) Heteronuclear decoupling was 
necessary for assignment of some of the coupling constants; some of the 
decoupling experiments are illustrated in the paper. The parameters 
obtained for diene = isoprene and fluoro-olefin = C,F, are given with 
structure [681; those for diene = butadiene, trans-penta- 1,3-diene, and 

Me '4 K~3-116.91 F4 -113.6 J(3-4) 222 HZ 

1681 

J (  1-2) 236 Hz 
-88.7 

-16.2 

J(F1-HS) 7.0; J(F'-F3) 14.0; 
J(F'-F4) 7.0; 
J(F2-H3) 3.5; J(F2-H') 3.0; 
J(F2-F3) = J(F2-F4) = 3.0; 

J(F3-Hs) 14.0; J(F3-H6) 36.0; 
J(F4-H3) 3.5 Hz. 

2,3-dimethylbuta- 1,3-diene and fluoro-olefin = C ,F, are very similar. 
The assignment of the high frequency resonances to F1 and F2 is 
supported by the changes in the shifts and couplings observed when one 
carbon monoxide is replaced by trimethyl phosphite, to give [691, and 
the coupling between H '  and F2 is apparently a through-space coupling. 
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F4 -114 .2  

FZ -96.1 

J(F1-F3) 14.0; J(F2-F3) 3.0; 
J(F3-H5) 14.0; J (F3-H6) 37.0; 
J (F4-H3) 3.5 HZ 

J( 1-2) 242 HZ 
F' -83.2 

(OC),FeP(OMe), 

[691 

Cyclohexa- 1,3-diene- and bicyclo[4,2,0locta- 1,3-diene-tricarbonyl- 
iron give similar n-ally1 systems [701 and [711 in which the CF, 
groups again appear as AB systems with large geminal couplings. 
The assignments given with [701 are taken frcm the results section of ref. 
48, where the assignments are made on the basis of the observed 7.5 Hz 

J(F2-H8) 7.5; J(F3-H4) 15.0; J(F4-H2) 4.0 HZ 

J(F2-F3) 13.0;J(F2-F4) = J(F2-H") 7.5 HZ 
J(F1-F3) 8.5; J(F'-F4) 3*0;J(F4-H4) 3.0; 
J (F4-H2> 3*5;J(F3-H4) 8.5 HZ 

I711 
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coupling of the band at -63.0 to H8 by a through-space mechanism, 
and the authors comment that this represents a reversal of the chemical 
shifts of F' and F2 compared with [681 and [691.* The parameters for 
[711 are stated in the Results section to be similar to those of [701, and 
the figures given with the structure are taken from the Experimental 
section. 

With tricarbonyl(cyc1o-octa- 1,3-diene)iron, C2F4 gives a compound 
similar to [701 as major product, together with [721 in which the C2F4 

-74.2 F1 F2  -67.0 . 
---Y--J 

J(1-2) 234 HZ 

J(F1-F3) 1 1-5;J(F1-F4) 7-0;J(F1-H') 1.5; 
J(F2-F3) 2 . 5 ;  J(F2-F4) 4.5; J(F2-H1) 2.0; 
J( F3-H1) 3 7.0; J(F3-H?) 1 * 5  ; 
J(F4-H2) 4.5; J(F4-H1) 3.0 Hz. 

I721 

group forms part of a ferracyclopentane ring. The major product has 
several methylene hydrogens close to the -CF2. CF,- chain, and shows 
more complex multiplet structure for each of the fluorines [F1, 6 -89.8, 

222 Hzl than is found in the other compounds, presumably arising from 
extensive through-space H-F coupling. 

With tricarbonyl(norbornadiene)iron the C2F4 group is incorporated 
into a six-membered ring, suggested to be in the chair form as shown 
[731. Ferracyclopentanes [741 and [751 are obtained from the reaction of 
C2F4 with tetra- or tri-carbonyl(trans-cinnama1dehyde)iron; although 
the 'H spectrum shows resonances due to both isomers, the I9F spectrum 

F2, 6 -56.6, J(F,-F2) 258 Hz, F3, 6 -107.8, F4, 6 -103.8, J(F3-F4) 

' 

* In  the Experimental section of ref. 48, however, the band at -63.0 is assigned to F' and that 
at -97.2 to F:, and some of the couplings also differ from those given in the Results section. 
Where there is conflict, the parameters and assignments in the Results section are the correct 
ones (M. Green, personal communication). 
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-58.4 F2 F' -61.6 
w 

J( 1-2) 252 HZ 

J(F'-F3) = J(F'-H) 7.5; J(F'-F4) 5.0; 
J(F2-F3) = J(F2-F4) 5 . 5 ;  J(F2-H) 2.5; 
J(F3-F4) 254; J(F3-H5) 10.0; 
J(F4-H5) 10.0 Hz. 

[731 

Fl 

[74l 1751 

6F' -71.8; 6F2 -67.0; 6F3 -125.8; 6F4 - 1  18.2 
J (F'-F2) 23 1; J(F3-F4) 229; J(F'-F3) 12*5*; J(F'-F4) 8 . 5  Hz* 

* From F' resonance only 

of the mixture shows only four bands, three of which, however, are 
rather complex, presumably due to overlapping resonances of the two 
isomers. 

With tricarbonyl(o-styryldiphenylphosphine)iron, a similar com- 
pound, best formulated as [76] in view of the coupling of phosphorus to 
the a-CF, group, is obtained. 

The structure of the complex formed from tricarbonyl(isoprene)iron 
and hexafluoropropene has been established crystallographically as  [771, 
allowing the assignment of the parameters shown with the structure, and 
similar assignments for the products from the butadiene- and 2,3- 
dimethylbutadiene-tricarbonyliron complexes then follow. (49) With 
tricarbonyl(cyc1ohexa- 1,3-diene)iron, hexafluoropropene gave (781, in 
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F4 -120.5 
J(3-4) 230 Hz 1 

F' -65.9 

-7Y 
J( 1-2) 234 HZ 

J(F1-F4) =J(F1-H3) 5.5;J(P-F') 17*5;J(P-FZ) 18.0; 
J(F1-F3) =J(F3-H3) 1 l.0;J(F3-H2) 33.0 Hz. 

[761 

H4 H5 

J(CF3-F2) = J(CF3-F3) = J(CF3-F4) 10.5; 
J(F2-F3) 10.5; J(F2-H1) 8.0; 
J(F3-HS) 14.5; J(F3-H6) 39.0; 
J(F4-H6) 10.6 Hz. 

1771 

which the CF,CHFCF, grouping was readily recognized in the 19F 
spectrum, [791, which contains both CF3CHFCF2 and the z-ally1 group 
linked to iron via the C3F6 group, and [801, with both CF3CHFCF2 and 
the ferracyclopentane system. The structure of [801 has also been 
determined crystallographically. The reaction between tricarbonyl(2- 
ethylcyclohexa- 1,3diene)iron and C3F6 gave a single product with 
spectroscopic properties very similar to those of [791, and the reaction 
with tricarbonyl(cyc1ohexa- 1,3-diene)ruthenium gave the n-ally1 complex 
[81] analogous to [77], with very similar 19F shifts and coupling 
constants; the long-range coupling between H2 and F4 is again 
noteworthy. 
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( 2 )  -74.2 
3 

F7 -212.5 

H 
247 Hz 

F3 -114.7 

F4 -110.8 

F2 -162.8 

6(F5,F6) - 1 17.4 

801 
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J(CF,-F3) 17.0; J(CF,-F2) = J(CF3-F4) 9 - 5 ;  
J(F4-H2) 4 .5  HZ 

[81 I 

-9i1’3 n - Io5 .O  

F2 -187.8 
(0 C), Fe w CF, -65.8 } 10 Hz 

J(F2-F’) 15.0; J(F3-H4) 15.0 
J(F’-CF,) 15.0; J(F4-CFJ 9.0 Hz. 

J(F3-F4) 234; J(CF,-F3) 15.0; 
J(CF,-F2) = J(CF3-F4) 10.0 Hz. 

1821 1831 

224 Hz 

Hz 

J(F2-F4) 18.0; J(F3-H’) 41.0 HZ 

[84a1 L = P(OMe),; Parameters given 
[84bI L = C O  
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Hexafluoropropene reacted with tricarbonyl(bicyclo[4,2,0]octa,2,4- 
diene)iron and with the cyclo-octa- 1,3-diene complex to give the single 
products [821 and [831 respectively. When [831 was refluxed with 
trimethyl phosphite, [84al was formed, with the parameters shown. 
Refluxing [831 in hexane alone gave [84bl with reportedly similar 
parameters. The reaction of tricarbonyl(2,3-dimethylbutadiene)iron with 
chlorotrifluoroethylene gave [851, analogous to [771, but the orientation 
of the CF,CFX chain was reversed when trifluoroethylene gave [861 
and [871. The configuration is indicated by the large coupling of F3 to 

H' 

224 Hz 
F4 -104.4 

J(F2-F3) 1 1.0; J(F2-F4) 20.0; J(Fz-H1) 5.0; 
J(Fz-H6) 4.0; J(F3-H5) 15.0; J(F3-H') 35.0; 
J(F4-H5) 1-0; J(F4-H') 4.0 Hz. 

[SSl 

J(F1-F3) 15*O;J(F2-F3) 17.0;J(F2-H*) 7.5; 
J(F3-H4) 16.0 Hz. 
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H4 and the through-space coupling of F2 to H8 in [861, and by the 
broadening of the CF, group resonances, but not of the CFH resonance, 
when [871 is treated with trimethyl phosphite. 

X 
188al CF, 
188bl H 
188cl CI 

6F' 
-162.3 
-55.2 
-79.7 

F' 
6F' 6F4 J(F'-F4) 

-1 19.1 -108.3 236 
-115.3 -94.2 219 
-106.2 -115.9 225 

J(F3-H2) 
36.0 
35.0 
35.0 

J(F '-H ') 
7.5 

13.0 
12.5 

Irradiation of tricarbonyl(0-styryldipheny1phosphine)iron with the 
fluoro-olefins CF, :CFX (X = CF,, C1, H) gave the complexes [881 (cf. 

[891 [901 

CN CF, I 
I911 I921 

I931 
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[761 from C,F,); some of the parameters are given with the structure. In 
all three complexes the CFX group is bonded to iron, as shown by the 
spectra, the only coupling of this fluorine to hydrogen, apart from 
J(F,,,-H) (50.0 Hz) in [88bl, being 3.5 Hz for J(F2-H,) in [88cl. 
Phosphorus coupling to the a-fluorines was reported only for [88al 

The 19F parameters for the products of the reactions of hexa- 
fluoroacetone and of the dicyanobis(tduoromethy1)ethylenes with 
tricarbonyl cycloheptatrieneiron are summarized with formulae [891 to 
[931. (50) The two complexes [911 and [921 from trans- 
(CF,)C(CN) : C(CF,)CN have very similar parameters, as expected, but 
the CF,-CF, coupling is quite different in the product [931 from the cis- 
olefin. 

The preparation of a range of complexes (olefin)Fe(CO), [941 is 
reported, (5 1) and parameters are given in Table I11 together with those 
of related complexes (olefin)RuCl(NO)L, [951 and [961. (52) The 
changes in the coupling constants, particularly the increase in J(F-Fg,,) 
on complex formation, and the decrease in J(F-Ftra,J, are in accord 
with the “ferracyclopropane” formulation. The shift to higher frequency 
observed on complex formation for C,F,Fe(CO), and for most of the 
perhalogenoethylenes is not observed for the CFX group in the 
complexes of olefins having X = H or CF,. It appears that the shift to 
high frequency caused by proximity to the metal is cancelled by a larger 
shift to low frequency on forming the three-membered ring. 

The “Dewar-benzene” iron carbonyl derivative [971, like 
pe~uorobicyclo[2,2,Olhexa-2,5-diene itself, undergoes Diels-Alder ad- 
dition to give [98a and bl, with the chemical shifts shown. (53) [98al is 
also formed, although in low yield, by the reaction of the preformed 
Diels-Alder adduct [991 with Na[(n-C,H,)Fe(CO),l, confirming the 
stereochemistry of the addition. 

[J(P-F,) 11.0 Hz, J(P-CF3) 2.0 HzI. 

[971 

FJ 
[98al X = C H ,  
[98bl X =  0 

6F’ 6F3 6F4 6F5 6F6 
1971 -176.1 -108.3 -187.5 -124.5 -123.7 
198al -177.1 -103.3 -187.1 -180.3 -179.5 
[98bl - 179.5 -106.3 - 189.5 -186.1 -185.5 
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Some 19F NMR parameters of olefin complexes 1941-[961 

w 
h, 

1941 1951 [961 

Compound Olefin CX'Xz :CX'X' W l )  6X(2) W 3 )  6x(4) J(X'-X2) Notes Ref. 

94 
94 
94 
94 
94 
94 
94 
94 
94 
94 
94 
95" 
95h 
96 
96 

CFF :CFH 
CFF :CHCI 
CFF:CHBr 
CFF:  CBrBr 
CFH :CHH 

CF(CF,) :CF(CF,) 
CF(CF,):C(CF,)F 
CH(CF,) :CHCF, 
CHF :CFCF, 
C(CF,)H :CHH 
CFF:CFF 
CFF: CFF 
CFF:  CClF 
CFF:C(CF,)F 

C(CFJ, :C(CFJ ,  

-92.5 
-81.9 
-84.9 
-77.9 

-159.5 
-50.5 

-175.5 
-167.5 

-59.3 
-1 12.9 
-1 13.6 

-99.5 
-96.8 

-101.5 -205.5 
-88.1 - 

-89.1 - 
-77.9 - 

-50.5 -50.5 
-68.9 -175.5 
-68.4 -68.4 
-60.5 - 

-192.5 -179.5 

- - .  

-1 12.9 -122.9 
-113.6 -115.1 
-104.8 - 

-99.8 -66.8 

- 

-50.5 
-68.9 

-167.5 
-60.5 
-7 I .8 
- 

-122.9 
-115.1 
-111.7 
-146.0 

138 
113 
109 

68 

- 

- 

61.7 
2.6 

132.0 
142.0 

5 1  ? 
51 2 
51 E; 
5 1  rA 

51 
51 
5 1  
5 1  
5 1  
5 1  
51 

Poorly resolved 52 
Assignment may be reversed 52 

52 
52 

" L = PMePh,. L = PMe2Ph. 
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[991 
Parameters for tetracarbonyliodo(trifluoroviny1)iron I 1001, ( 5  1) for 

the product of the reaction of perfluoro(tetramethylal1ene) with 
Na[Fe(CO),(n-C,H,)l 11011, (29) and for some ruthenium complexes of 

J(F-F,,,,) 115.6 HZ - 55.8q, -57.6111, -81.6111, -89.5111 

I1001 I loll 
L 

[ 102al L = PMePh,; -49-8, J(P-F) 2.0 Hz 

[ 102b1 L = PMe,Ph; -50-9;J(P-F) 1.7 Hz 

hexafluorobut-2-yne [ 1021 (52) are given with the structures. The 
stereochemistry of the ruthenium complexes follows from the obser- 
vation of triplet splittings from phosphorus in the non-equivalent CF,  
resonances. Irradiation of the olefin complex (CHFCHBr)Fe(CO), 
resulted in a complex reaction sequence giving 11031, with the coupling 

-52.7,J(P-F) 3 . 3  HZ 

-54.0, J(P-F) 2.8 HZ 

constants shown. (54) 

/: 
(OC 1, Fe-Fe(CO), 

Br 
‘**., / 
I1031 
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The dihydrofuranato complexes [ 5 ,  M = (n-C,H,)Fe(CO),, R = Me, 
Phl show singlet 19F resonances (6 -74.1, -73.6 respectively), but for 
M = (n-C,H,)Fe(CO)PPh, the iron is chiral and the two CF, groups are 
thus non-equivalent (6 -74.0, -72.9, J 9.0 Hz). (10) The 
tetrahydrofuranato-compounds [6, M = (n-C,H,)Fe(CO),, R1, R2, R3 
variously H, Me, Phl give pairs of quartets (6 -71.1 to -81.0, J 8.5-  

The preparation of some (polyfluorocyclohepta- 173-diene)iron tricar- 
bony1 complexes [lo41 is reported, and parameters are given in Table 
IV. ( 5 5 )  The appearance of the geminal fluorines at C5 and C7 as an AB 
quartet when the adjacent carbon (C4 or C1) carries a fluorine, but as a 
singlet when the vinylic neighbour is hydrogen is noteworthy. Since a 
crystallographic study shows that the ring is puckered across the line 
C 1-C4, ( 5 6 )  this must be due to accidental equivalence. 

10.3 Hz). 

T A B L E  I V  
Some ''F NMR parameters for (polyfluorocyc1oheptadiene)iron tricarbonyl compounds 

I1041 (55) 

1041 

Chemical Shifts (6) 

F F -179.6 -171.7 - 1 7 1 . 7  -179.6 -104.9" -144.4' -104.9" 
-116.4" -144.4' -116.4" 

H F - -148.6 -168.9 -177.2 -104.7' -114.5d -93.5 
-115.9' -141.5d 

H H - -148.1 -148.1 - -93.0 -113.9d -93.0 
-140.Id 

"./(A-B) 263 Hz. "./(A-B) 281 Hz. './(A-B) 259 Hz. dJ(A-B) 276 Hz. 

The reaction of the ruthenium hydride RuH(PPh,),(n-C,H,) with 
(CF,),C : C(CN), gives the 1 : 1 adduct (n-C,H,)(Ph,P),RuC- 
(CN), . CH(CF,), ( Z F ,  - 68.3 1, J(F-H) 8.2 Hz), and with 
hexafluorobut-2-yne both the 1 : 1-adduct [ 1051, the stereochemistry 
shown following from the CF,-CF, coupling, and a double-insertion 
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-57.36, -64.85 
I -57 .3  * -51.57 1 14 .4  HZ 

F,C\ 
(n-C H ) ,C=c 

5‘Ru 
Ph3P’ I 

PPh, 

8.8 HZ 
J(P-CF!b’) 3.0 HZ H 

11051 -50.12 

J(P-CFF’) 2.0 HZ 

[ 1061 

product [106], the four signals for which were assigned by decoupling 
experiments. (5 1) Similar products [ 1071, (58) in which hexafluorobut-2- 
yne is thought to have inserted into an ortho C-H bond of the benzyl 
group as shown, and [ 1081 (57) are also reported, but hexafluoroacetone 

(n-C H )  PPh, Me0,C C0,Me 
5 \  / \ /  

I I I H z  I 
-47. I .  - 59 .9  

J(P-CFY’) 3 . 3  HZ 

I1071 I1081 

attacked the z-C,H, ring of Ru(PPh,)(z-C,H,)(MeO,CC : CHCOMe) 
to give [1091, in which the high frequency CF,  group is also coupled to 

pE-G I;;:;; 

0-H.. 

Ph3P-Ru-C -C &, eH ‘OMe 
‘c’ 
OMe 

-55.12 

I1091 
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hydrogen (J(F-H) 1.5 Hz). The structure of 11091 has been confirmed 
crystallographically. (59) Insertion of perfluorobut-2-yne into a Ru-H 
bond to give trans CF, groups, as shown by the low values of J(CF,- 
CF,) in [ 1101 and [ 1 11 1 shows that the course of the insertion reaction 

-59.02q 8 .4  HZ 
,7 

-60.481 2 . 3 H z  I 

Ru 

oc co / \  -56.67 

J(CF,-CF,) 2.3  HZ 

c=c 
(n-C H 1 / \ 

’ )Ru- C-CF, 
// oc C 

-57.88 F3C’ \ w 
depends on the other ligands attached to the metal. (60) Although [ 1101 
can also be obtained from the reaction of hexafluorobut-2-yne with 
[Ru(CO)(n-C,H,)l,, with [Fe(CO)(n-C,H,)] ,, a quite different com- 
pound, shown crystallographically to be [ 1121, results. 

Fe 
‘(n-C,H,) 

co 

[1121 

The reaction of [(n-C,H,)(OC),Fe(SR,)l (R, = CF, or C,F,) gives 
[ 1131, with the parameters shown, the geometry of the olefinic group 
following from the high CF,-CF, coupling. (32) These compounds are 
decarbonylated photochemically to give the cyclic compounds [ 1 141 in 
which the coupling between the CF, groups, necessarily cis, is much 
reduced (cf. also compound [321). 

The parameters for a number of cyclopentadienyliron and related 
compounds containing fluoroalkyl groups attached to the ring(s) are 
given with structures [1151 to (1181. (32, 60-62) (see also [661 and 
[ 1091) The CF, resonance in [ 1151 surprisingly appears as a triplet, 
presumably because of equal coupling to two different hydrogens, but 

H; 
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11131 

6C F:’) 
-52.0 
-49.3 
-59.9 
-60.1 

“ N o  parameters reported for C,F$ group 

I 1  13al R, = CF, (-42.7) 
I 1  13bl R, = C,F,O 
I 1  14al R, = CF, ( - 4 7 . 9 )  
I 1  14bI R,  = C,F,U 

0 

1 1  151 

I 

J \  
(n-C,H,)(OC)Fe 

\ CCFI’’ YCCFi2’ 
1 1  141 

6CFY) J(C F,-CF ,) 
-56.6 15.8 
-53.8 16.0 
-62.6 8 . 5  
-62.9 7.9 

FFaFbX 

@Y 

[116a] X = F , Y  =H;6-75-00brs 
[ 116bl X = Y = H; X F ,  -74.94, 6Fa -126.25, 

6Fb -130.45, J(Fa-Fb) 292, 
J(Fa-H) 55, J(Fb-H) 54,J(Fa-CF3) 10, 
J(Fb-CF3) 8 Hz. 

[ 116cl X = F, Y = COMe; 6CF, -75-21s 
[ I  16d1 X = F, Y = COPh; 6CF3 -74.81s 
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the structure is firmly established crystallographically. (60) The C F ,  
groups in [ 1171 show no quartet splittings, and so are clearly trans. The 
comment in the paper (62) that “values for J(CF,,,,-H) are generally 
<2 Hz”, is clearly a slip of the pen (CF3nem for CF,,,,,; see, e.g. Table V, 
p. 122 Vol. 5A, and compounds in this review) and the assignments 
shown are made on the usual basis. 

The reaction of hexafluoroacetone with tricarbonyl(2,3-dimethylbuta- 
diene)iron slowly gives [119], the chemical shift of the CF,  groups 

I 1  191 

favouring the formulation shown, rather than the possible isomer 
containing the FeC(CF,),O grouping. (63) The corresponding 
(isoprene)iron compound however, rapidly gives a 2 : 1 insertion 
product, for which structure [ 1201 is favoured, partly on the basis of its 
thermal rearrangement to  [ 12 1 I.  

I1201 11211 

H CF, 
\ /  

C F, 

[122a1 L = C O  
I122bl L = PMe,Ph 
X F ,  - 6 3 . 9 0 ~ ~  -68.35s 
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The reaction between [FeMe(CO),(n-C,H,)I and CF,CN has been 
reinvestigated, (64) and an X-ray structure determination shows that the 
initial product, which had identical spectroscopic properties to those 
originally reported, (65) has the structure [122a, L = COI rather than 
the original formulation as [Fe(CO){C(CF,):NH }(CF,CN)(n-C,H,)I. 
Chemical shifts for the derivative [122b, L = PMe,Phl are given with 
the structure. 

2: F, 
dCF3 -56.5 dCF, -55.7, -57.9 
'J(P-F) 55, 4J(P-F) 1.0 HZ J(CF,-CF,) 8.0 H Z  

'J(P-F) 5 5 , 5 5 ,  4J(P-F) 1.0. 1.0 HZ 

I1231 I1241 

The NMR parameters for a series of iron complexes containing 
P(CF,), and P(CF,) groups are shown with formulae [ 1231 to 11301 and 
in Tables V and VI, (66-70) and for some fluorophosphine complexes 
containing C(CF,), groups in [1311-[1331. (71). The assignment of 
trans and cis geometries to 11231 and [ 1241 respectively is based on the 
'H and 19F NMR spectra, [ 1231 giving a 19F spectrum analysed as an 
[AX,], system, as does the nitrosyl compound [ 1251. (66) Oxidation of 

-49.5 

'J(P-F) 95, 4J(P-F) - 0.8 HZ 

[1251 

the terminal phosphido group in (n-C,H,)Fe(CO),P(CF,), leads to 
shifts of the CF, resonance to lower frequency, as expected for a P(V) 
compound, and an increase in J(P-CF,) (see Table V). (67) Prolonged 
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T A B L E  V 

Some NMR parameters for (CF,),P compounds 

Compound 6, *J(P-F) Ref. 

-57.2 
-45.5 
-70.5 
-67.0 
-65.4 
-52.4 
-59.5 
-56.6 
-71.2 
-62.4 
-61.5 
-58.4 
-52.6 
-67.3 
-6 1.4 
-59.3 

79 
54.3 
71.8 
71.0 
67.0 

ca. 50 
71.0 
66.0 
92.0 
96 
92 
78 
79 
85 
86 
71 

66 
67 
67 
6 1  
6 1  
67 
67 
67 
67 
68 
68 
68 
68 
68 
68 
68 

J(F-H) 6.9 Hz. 

UV irradiation of (n-C,H,)Fe(CO),P(O)(CF,), gives, infer uliu, a 
“trimer” formulated as (C,H,),Fe,(CO),[OP(CF,),l,, which shows 
three broad signals (6 -69.4, -34.2, -1 1.0, with intensities 1 :2 :2). 
The shifts of the two high frequency bands are temperature dependent in 
a manner suggesting that they are attached to a paramagnetic centre 
(the solid has a magnetic moment of ca. 4.6 B.M.), but no structure has 
been advanced for the compound. 

The spectrum of [(n-C,H,)Fe(CO),{P(CF,),H )1°[SnC1510 [Table Vl 
is a broad doublet at 293 K, but is fully resolved at 253 K. (68) The 19F 

T A B L E  V I  

NMR parameters for some iron complexes of (CF,),PEP(CF,), 

Compound @ ( I ) ”  ,J(P-F) 6F(2)” ,J(P-F) 4J(P-F(2)) 

Fe(CO)(NO)2{(CF,),POP(CFl)~} -63.8 94 -67.0 104.5 - 

Fe(CO)(NO),{(CF,),PSP(CF,), 1 -54.8 8 1 -6 1.4 81 5 
Fe(CO)(NO),{(CF,),PSeP(CF,),) -52.7 75 -59.9 81 4 
Fe(CO),{ (CF,),POP(CF,), I -63.5 92 -68.1 97 3 
Fe(CO),( (CF,),PSP(CF,)2 I -54.4 81 -62.6 81 5 

~~~ ~~ 

“ F(1) is the CF, groups attached to the unco-ordinated phosphorus, F(2) those attached to 
the co-ordinated phosphorus. 
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NMR spectra of the complexes of (CP,),PEP(CF,), (E = 0, S, Se) (see 
Table VI for the parameters) show clearly the inequivalence of the two 
P(CF,), groups, one set having shifts close to those of the free ligands, 
and the other at lower frequency, as expected for the co-ordinated 
ligands. (69) The rection of (CF,),POP(CF,), with [(n-C,H,)Fe(CO),l, 
gives a product [I261 which, at 233 K, gives well-resolved spectra 

-48.3, -67.7 
-49.3 -69.3 

(n-C, H,)(CO),FeP(CF,),Fe(n-C ,H,)(CO)P (0)(CF3), 
U 
63,62  Hz 

U 
43.42  Hz 

[1261 

showing two chemically distinct P(CF,), groups, in each of which the 
CF, groups are inequivalent. The chemical shifts suggest that the 
P(CF,), group is the bridge, the temperature dependence of the 
spectrum arising from hindered rotation about the bridging phosphorus. 
The selenium compound [ 1271, however, appears to be cyclic, as shown, 

-45.3 

(CF,),P-de 
-55.4 

[1271 

with a metal-metal bond which can invert through the ring to bring 
about the observed equivalence within the pairs of CF, groups. 

The 19F NMR spectrum of [I281 shows two different CF,P and two 

-62.56. 

/ \  
F,C Fe(CO), 

G(CF,P) J(P-CF,) J(P-PCF,) 
-49.68 62.6 13.5 
-61.10 68.9 18.8 

11281 
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different CF,C environments, as required for co-ordination of only one 
of the CF,P groups, but the CF,P region of [1291 shows an X,AA’X; 
pattern and only a single CF,C resonance, while both CF,P resonances 
in [ 1301 are deceptively simple. (70) 

F3CP--PCF3 
I I  
IX\ 

F 3 c i c F 3  F,CP-PCF, F3CP-PCF, 

(OC),Ff lSc\ ,Fe(CO), (OC),Fe--------Fe(CO), 
Fe 

G(CF,P) -56.4; G(CF,C) -61.6 6CF, -43.9 “deceptively simple triplet” 
(CO), 

-45.70 “deceptively simple triplet” 

I1291 I1301 

- 13.0 

-10.5 -76.2 
(OC),FePF ,OC (C F J2CN 

(c 312 

6CF3 - 7 2 * 0 ~ ,  -76.5s 
‘J(P-F) 1264 Hz 

11311 

‘J(P-F) 1178 HZ 

[ 1321 

(0 C ), FeP F 0 C = N 
I \  

(F3C )2c\o/c (CF 3)2 

X F ,  -75.4 
‘J(P-F) 1 189 Hz 

I1331 

I9F Chemical shifts for a series of carbonyliron derivatives of the new 
ligands [1341 and [1351 have been reported, and are shown with the 
structures deduced in [ 1361 to [ 1461. (72) The spectra all show multiplet 
structures for the bands, and analysis was not possible. Some of the 
structures have been confirmed crystallographically (e.g. I1361 (73), 
[ 1441 (74), [ 1451 (75)), and others are analogous to structures which 
have been confirmed. The meso and dl isomers of cis- 
PhMeAsC(CF,) :C(CF,)AsMePh both form L-LFe(CO), [ 147 and 
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Me,As bPh, 

11341 

-132.3m 

F 2 A F 2  

Me,As PPh, 
\ 
i;e(CO), 

105.5111, -106.6111 

F2 F2 

Me,As PPh, Me,As ,9 PPh, \ 

F 2 f i F 2  

I1351 

- 106.5111, - l07.3m -108.2111, -109.2111 - - 
[ 1371 I1381 1391 

-126.6111 

F 2 f i F 2  

Me,A< ,PPh, 
Fe 
(CO), 

Me,As 

DF2 

F2 
Ph,P 

I 
I 
W C O ) ,  

ph2p15 Me2As 

6(CF,) -106.0111, -108.2m Multiplet with strong 
peak at -106.5 

I1401 11411 

-90 .2  unsymm. d 210 H z  
-94.9 unsymm. d 2 15. m 4 0  Hz 
- 106.4 unsymm. d 120 d 30 Hz 
-109.8 unsymm. d 125 d 4 0  Hz 

Ph, 
I1421 
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Multiplets at -72.4, -83.3, -95.9, 
-100.4, -109.5, -122.3 

[ 1431 

Complex mult., strong peaks at 
-108-0, -1 10.0 

[ 1451 

I1471 

Complex mult., -9 1.5, -94.7, 

I1441 
-99.0, -101.6 

[1461 ' 

X 
I 

Ph 

[ 1491 

Y 
X = Ph, Y = Me or X = Me, Y = Ph 

11501 
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1481 and L-LFe,(CO), complexes with iron carbonyls; (76) the spectra 
of the L-LFe,(CO), complexes [ 149 and 1501 allow distinction between 
the meso and dl ligands, since two different CF, resonances would be 
expected only for the complex with the dl ligand, shown as [ 1491. 

Bis(trifluoroacetato) complexes of ruthenium and osmium [M- 
(PPh,),(CO)(CF,CO,),l show exchange between bidentate and uni- 
dentate trifluoroacetate linkage which is sufficiently slow at room 
temperature for the two CF, groups to be resolved; (77) fuc- 
stereochemistry is indicated by the reactivity of the compounds. 

Several compounds containing SCF, groups attached to iron have 
been reported, and parameters are given in Table VII. 

T A B L E  VII 
Some 19F Chemical shifts for CF,S derivatives of iron 

Compound &CFJ Ref. 

-22.7. -34.3 
-32.4 

-21.9, -3 1.9 
-28.9 
-37.4" 
-34.0 

-26.3, -36.3 
-32.9 
-23.0 

24 
24 
24 
24 
25 
25 
25 
25 
25 

Thought to be the all-trans structure. 

The structures of the two isomers of [(z-C,H,)Fe(CO)(SCF,)l, could 
not be determined, but A had spectroscopic properties consistent with 
an all trans structure. Each isomer showed only one CF, singlet, 
consistent either with equivalent CF, groups or with fluxional behaviour 
leading to equivalence. 

E. Cobalt, rhodium, iridium 
Parameters reported for a range of fluoroalkyl groups o-bonded to 

metal are collected in Table VIII. (42, 78-8 1) The triplet splitting in the 
CF, resonance of (n-Me,C,)Rh(PF,)CF,I (79) presumably arises from 
equal coupling to the phosphorus and rhodium, but these couplings do 
not appear to be observable in the more complex spectra of the 
compounds containing larger fluoroalkyl groups. All four compounds 
show a widely spaced doublet ['J(P-F) 1379-1392 Hz], further split 
[,J(Rh-F) 20-25 Hz] by coupling to rhodium, at 6 -21.7 to -24.7 for 



P 
o\ 

T A B L E  V I I I  

Some "F NMR parameters for fluoroalkylcobalt and -rhodium compounds 

Compound 6C F" M: Fa 6CFV Ref. 

(n-Me,C,)Co(CO)~CF(CF,), ) I  
(n-Me,C,)Rh(PF,)(CF,)I 
(n-Me,C,)Rh(PF,)(C,F,)I 
(n-Me,C,)Rh(PF,)(n-C,F,)I 
(n-Me,C,)Rh(PF,)(C,F,,)I 

(n-C,H,)Co(CNC,H,Me-p)(C ,F,)I 15 2 1 
[(n-C,H,)Co(CNC,H,Me-p)(C,F,)l@IB I I531 

(n-C,H,)Co(CO)(n-C,F,)I I151 I 

(n-C,H,)Co(CF,)Pz,BH,r 
(n-CsHS)Co(C,Fs)Pz2BH,' 
(~-C,H,)CO(~-C,F,)PZ,BH," A 
(~-C,H,)CO(~-C~F,)PZ,BH,'  B 
(n-C,H,)Co(CF(CF,), }Pz,BH,' 
(~-C,H,)CO(CF,)PZ,BH' 
(~-C,H,)CO(C,F,)PZ,BH' A 
(~-C,H,)CO(C,F,)PZ~BH' B 
(~-C,H,)CO(~-C,F, )PZ~BH" 
(~--C,H,)CO(C,F,)PZ,B' 
(n-C,H,)Co(n-C,F,)Pz,B' 
(~-C,H,)CO(C,F,)PZ,H" 
(n-C,H,)Co(n-C,F,)Pz,HC 
(n-C,H,)Co{CF(CF,), }Pz,H' 
C,F,CoSalen .H,(Y 
C,F,CoSalphen.H,OK 1158, R=HI 
C,F,CoSalphenC,F,.H,OK~h 1158, R = CIF,I 
(OC),CoCF(CF,), 
(OC),COCF,CF,CF,CO(CO)~ 

n.r.' 
-1.6 (t, 10) 
-68.8h 

CU. -60 
ca. -59 

-56.5 (q)d 
-61.0 (q) 
-58.16 (9.8) 
-1 1.9 (s) 
-80 
-79.4 
-78.4 
-175.9 
-10.8 
-75.0 
-75.4 
n.r." 
-80.6 
-78 
-8 1 
-82 
-171 
-9 1 .O (br) 
-94.7 (br) 
-94.7 (br) 
-150.5 (sept, 10) 
-43.8 (~)i 

-66.1 (d - 10) 
- 

-82.2 
-1 14.8 (d, -94) 
- l l l ( d . - 1 2 0 )  
-113.2 (m)d 
-113.5 
- 1  14.42 
- 

-82 
- I  15.8 (t. 7) 
-117.6 
-67.8 (d, 7.6) 
- 

-82.5 
-82.2 
-1  19.8 
-80.5 
-1 17.5 (t, 5) 
-85 
-117 
-67.9 (d, 8.4) 
-121.0 
-121.9 
-122.0 
-70.2 (d, 10) 
-97.7 (s)i 

- 

-79.3 (t, 12) 

-88.6 (t)" 
-88.5 (1) 
-88.42 (t, 8) 

C 

- 

-80.9 (t, 11.5) 
-82.0 (t. 1 I )  
- 

- 

- 

n.r.' 
- 

-80.4 (t, 13) 

-80.1 (t, 13) 
- 

-78.4 (t) 
-78.5 (1) 
-78.7 (t) 

78 
79 
79 
79 
79 
80 
80 
80 
42 
42 
42 
42 r! 

rn 
42 r 
42 a 
42 
42 
42 
42 
42 
42 
42 
42 
81 
81 
81 
82 
82 

- 

"Not reported. bJ(A-B) 253 Hz, 6(AB) 11.6. y and 6 CF, ca. -122; ECF, -122.9; [CF, -126.4; CF, -81.3 (t. 10). dABMNX, system. 
Pz = pyrazolyl. 'Salen = (CH,N:CHC,H,OQ-o),.gSee I l58 l .  C,F, in ligand; -109.0 (t), -124.9, -82.6 (t). ' J ( 4 )  < 1.5 Hz. 
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I 

- 

CNR 
I 

I --- co-.. 
A 

C3F7 

co 1 - - - Y 0 - - -  
C3F7 

the PF, group. The spectra of [ 15 11 and [ 1521 are complex because of 
the chiral metal, both a- and P-CF, groups showing geminal ine- 
quivalence, but the increased symmetry of [1531 gives rise to a simpler 

- 0  

I@ 

NMR spectra of the two isomers of (n-C,H,)CoR,Pz,BH suggest, 
however, that both have axial cyclopentadienyl groups as in [ 156al and 
[157al. The CF, compound isolated is allocated structure [156bl, but 
the C,F, compound appears to be [ 157bl. 

1156a1 R, = C,F, 
I156bI R, = CF, 

* Parameters for only one isomer of the latter are given in the paper. 
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The reaction of alkylcobalt complexes (RCoSalphen.H,O, R = Me, 
Et) with C,F,I gives the complex [158, R = HI, parameters for which 

M R 

l158al R = H  
[ 158bl R = n-C3F, 

are shown in Table VIII, (81) and the same complex is formed from 
[C~~SalphenI-~,  together with smaller amounts of a second complex 
identified spectroscopically as [ 158b, R = n-C,F,l. I9F Integrations were 
used to follow the equilibria: 

CoII(che1) + ColI1(chel')R e Co"(che1') + ColI1(chel)R 

where (chel) and (chel') are chelating ligands, but the only I9F 

parameters quoted were for the CF,CH, group in ColI1(Tfacen)CH,CF, 
[6 -55.6t, J(F-H) 16 Hz] and in ColI1(Acacen)CH,CF, (6 -56-3t, 16 
Hz). (81b) 

I9F NMR parameters for a series of cyclopentadienylcobalt com- 
plexes containing C,F, and CF(CF,), groups are shown in Table IX 
and with structures [159 and 1601. (83) 

T A B L E  IX 
Temperature dependence of the I9F NMR parameters for cyclopentadienylperfluoroethykobalt 

complexes I1591 

L = PPh, L = PMePh, L = PMe,Ph 

200 K 296 K 200 K 296 K 200 K 300 K 

6 ,  -66.51 -64.58 -66.54 -65.51 -68.10 -66.94 
6,  -59.95 -58.21 -63.02 -61.52 -65.80 -63.62 
4 F \  -77.52 -78.35 -78.63 
'J(F.-FJ 246.8 247.0 250.8 250.6 250.5 250.4 
'J(P-Fa) 17.75 20.06 8.35 14.73 16.54 17.93 
'J(P-F,) 11.25 12.39 17.65 16.53 14.46 14.32 
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(n-C H )  
I ,  

L 
I 

I 

CF, CF, 
a b 

(159’1 

I 

I1601 

L 6(CF) ’J(P-F) 6( CF,) (J( P-F), J(C F-CF,)) 
co -156.9 - -66.1 (-, 10) -68.4 (-, 10) 
P(OEt), -176.8 CU. 14 -64.1 (< 1,8) -67.7 (3.5, 10.5) 
P(OPh), -172.3 CU. 11 -63.8 (< 1,7*5) -67.7 (3.5, 11) 
PPh, -173.6 CU. 10 -62.9 (< 1,6.5) -66.6 (5, 14.5) 
PMePh, -174.7 n.d. -63.8 (< 1,7.5) -66.9 (5 .5 ,  11) 
PMe,Ph -176-9 n.d. -63.6 (< 1,8) -66.6 (5 .5 ,  11) 

The chiral cobalt atoms cause the a-fluorines of the C,F, groups and 
the CF, groups of the CF(CF,), groups to be diastereotopic. Coupling 
between the phosphorus of the ligand and the two a-fluorines of the 
C,F, complexes [ 1591 is different and the temperature dependence of the 
three-bond P-F coupling constants (values for only the extreme 
temperatures reported are given in Table IX) suggest that changes in 
rotamer population may be occurring, at least with L = PPh,Me, 
although temperature dependence of the coupling constants themselves 
could not be discounted. The difference between the couplings was 
small, and their temperature dependence was also small, for 
L = PMe,Ph, the least sterically demanding ligand used, suggesting that 
the rotamer population [159’a-c] may be essentially the same over the 
temperature range studied. Unfortunately, temperature dependence 
could not be studied for the perfluoroisopropyl complexes [ 1601, but the 
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differences in the phosphorus coupling to the two CF, groups of each 
complex may indicate stereochemical dependence of these couplings. 
The CF,-CF, coupling was 10-11 Hz in all the compounds of this 
series. 

The symmetrical structure [1611 is suggested for the product formed 
by heating the IrCF,CF, compound 1196, L = PPh,] (see p. 60) with 
tetrafluoroethylene, (84) the values shown being typical of o-bonded 

- 
-108.9, - 1  14.2, 

F, J(A-B) 233 Hz 

c ( 1  2) 
/ /c-Ft: -110.5,-115.5 H,C 'cF -81.6, -93.2 

CH 

J(A-B) 255 H z  

,PPh,(CO) MeC 
Ir 

CO( PPh,) 
I 'CO 

CH CF2 J(A-B) 234 Hz 

-10.3, -92.5 
J(A-B) 255 Hz /- 

H2C 

J(P-F') =J(P-F2) 33 .0  HZ 

[1611 I1621 

-98.5. -107.6, J(A-B) 234 HZ 

I /PPh,(CO) 

1 'PPh, 
CO( PPh ,) 

Mj Ir 
H,C 

J(P-F') 82 HZ 
J(P-F2) 54 HZ 

I1631 

perfluoroalkyl groups. Compounds [ 1621 and [ 1631, containing only u- 
bonded CF,-CF,R groups were also obtained by displacement of co- 
ordinated C,F, from complex [ 196, ally1 group = 2-MeC3H,, L = PPh,] 
by either CO or PPh,. 

Parameters for the n-perfluoroallylcobalt complex [ 1641, formed by 
the reaction of perfluoroallyl iodide with Zn[Co(CO),), are given with 
the structure. (85) The prop-1-enyl complex [ 1651, identified as trans 
about the double bond by the large value of J(F-F), was also formed, 
and an octet at 6 -41.6, with coupling constants similar to those of 
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-195.0 

-66.5 1-1 - 155.8 

-CF 
113 Hz i>=c / F  

‘CO(CO), 

(CO), 

[ 1641 [ 1651 

J(F,-Fc) 74 HZ J(F-F,,,,) 147 HZ 

CF,:CF.CF+,* is thought to be due to CF,:CF.CF,.Co(CO), 
formed as an intermediate, but this compound could not be isolated. The 
resonance due to F, in [ 1641 is broadened, but the reason for this is not 
apparent from the first order analysis performed. The reaction of [ 1641 
with triphenylphosphine gave the prop- 1-enyl complex [ 1661, in which 
the large P-CF coupling was used to assign the stereochemistry, 
together with a second compound for which the vibrational spectrum 
suggested structure [ 1671. Unfortunately this compound decomposed 
rapidly above 10°C, and below this temperature was too insoluble for 
useful 19F NMR measurements. 

/ -89.9 F-C \-/Fa -161.0 

L 

F,C : CF 
\ 

FFz 
oc, I 

0c/T0- PPh3 
c o  

I 

PPh, I1671 

J(F-FtrQn.J 146 Hz 

I1661 

J(P-Fa) 30 HZ 

Other alkenyl complexes have been formed by displacement of 
fluoride or chloride ion from fluoro-olefins by metal carbonyl anions, by 
reactions of the perfluoroalkenylsilver derivative with metal halide 
compounds, and by insertion of an alkyne into a metal-)< bond, and 
parameters are given with structures [1681 to [1871. (8, 86-91) As 

* S(CF,I) in CF,:CF.CF,I  is reported (85) to be -49.7, not -63.6 as previously reported 
(K. C. Ramey and W. S. Brey, J .  Chem. Phys. 1964, 40, 2349). The new value fits the trend 
shown by the chloro (8 -62.0) and bromo (S -55.1) compounds. 
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- 1 lZ.Om, - 116.0 
A 

F2 F2 
n u 

(Ph,P)(OC),Co C1 

I1681 
a.-91.7 
b. -92.3 

b. a. - 1 3 3 . 5  -133.6 F 2 0 M  

i. - 134.9 F2 a. -107.9 
b. -109.5 b. -134.6 

F2 
a. -117.0 
b. - I  16.9 

C1 Co(CO),(PPh,) 

101.0m, -113.0m,-130.6rn 

[ 1691 

a, -116.7 a, -105.0 
b, - 1  16.9 b, -106.6 

F2 F2 
n u 
F M  

a, -113.2 
b. - 114.1 

I170al M = Rh(CO),(PPhJ, 
[ 170bl M = Ir(CO),(PPh,), 

[ 17 la1 M = Rh(CO),(PPh,), 
1171bl M = Ir(CO),(PPh,), 

-94.0 -163.1 a, -60.9 a. -55 .0  
b. -60.1 b. - 5 5 .  I 

C F,CH =CMC F, 

1172al M = Rh(CO)2(PPh3)2 
1172bl M = Ir(CO),(PPh,), 

shown, the change from rhodium to iridium in [ 1701, [ 17 11, and [ 1721 
makes little difference to the 19F shifts. (87) Unfortunately, the low 
solubility of these compounds, and of [1731, makes it impossible to 
extract any coupling constants, and the stereochemistry of 1721 
remains unknown. The lone fiuorines of [174al and [174bl show field- 
dependent doublet splitting, suggesting that two isomers are present in 
each case, but no further investigation has been reported. (8) The H-H 

(z-C,H,)CO(CO)R, 
I 
I a, -62.6 a. -50.1 F,C/ C -cACF3 b, -63.8 

I b, -50.0 
a, -68.3 
b, -69.8 

1174al R, = C2F, ( Z F ,  n.d., Z F ,  -80.9) 
[ 174bl R, = K , F ,  ( Z F ;  -53.4, ZF! -1 15, Z F ,  -80.9; 

J(CF?-CF,) 8 .5  HZ 
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-62.4 - 5 8 . 6 1 ~ l  -51.4 

[1751 

-52.41 l 2 H z  1-60.3 

\ l C F 3  
CF, 

Ph,P,Rh,c=C 

Et,O' 'PPh, 
\CH,CMe:CH, 

11771 

J(CF,-H,,,,,) 2 .5  HZ 

11761 

-60.8 

-52.3 

o=c 
'R 

11781 R = M e  

-52.6 -11-61.1 

o=c 
'Me 

1791 

-58.11 17Hz 1-55.9 

1 1801 

coupling shows that [1751 has the trans configuration, (88) and the 
CF,-CF, couplings in [1761-[1801 all fall in the range for cis 
trifluoromethyl groups as indicated. (89) Parameters for [ 178, 
R =CMe,l are very similar to those shown for the compound with 
R = Me. (89c) The orientation of the norbornene ring system in [1801 
could not be determined from the information available; the assignments 
of the CF, resonances were made by analogy with those of [1781 and 
[ 1791. The structure of the dimetallic complex [ 18 11 was also confirmed 
by X-ray diffraction. (90) 
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F ,c CF3 
1 1 1 . 8 H z  1 

-51.8. -53.8 

11811 

Insertion of perfluorobut-2-yne between the metal and one end of the 
ally1 system in Ir(z-allyl)(CO)(PPh,), gives products of both cis- and 
trans-insertion [1821 to [1861, (91) the products with the trans- 
-C(CF,) :C(CF,)- system showing only weak coupling (3.5-4.5 Hz) 

I1821 

CHXCR:CH,  
-46.9 I 
F C  C 

I 
‘CH ‘CF; -58.9 

Ph,P-ir-PPh, 

co I 

J(P-CF;) 5.0 HZ 
J(P-CF’;) 22.0 HZ 

I1831 

-57 .7  

\ 
CMe 

CH2 CO PPh, 
J(CF,-CF,)=J(P-CF;) 3.5 HZ J(P-CF!) 5.0 HZ 

I1841 X = H , R = M e  J(P-CF!) 10 Hz 

11851 
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CH,CMe :CH, CH2 

-52.1 

-54.2 
-56.6 F3C/C\ C-H 

-58.0 

J(P-CFB,) 19.0 HZ 

I1861 [ 1871 

between the trifluoromethyl gr6ups. Parameters for the ally1 and 1- 
methylallyl products [184, R = X = H; R = H, X = Me1 are very 
similar to those shown for [ 184, X = H, R = Me]. The spectra of [ 1831 
are temperature dependent, the structure shown being assigned to the 
isomer preferred at -30°C. At room temperature, the fine structure of 
the "F spectrum is lost. The two CF, absorptions of the 
IrC(CF,)(CF,) group in [ 1861 were not resolved at 94.1 MHz. [ 1871 
is formed from (71- 1-rnethylallyl)Ir(CO)(PPh,), and the butyne at 
room temperature. (9 1) Three alkynylrhodium complexes RhCl(C0)- 
L,(C :CCF,) [L = AsMe,, AsMe,(p-MeOC,H,), SbPh,] formed by the 
reaction of RhCl(CO)L, with 3,3,3-trifluoropropyne, each showed a 
singlet in the range -46.9 to -47.3, (92) but other signals, presumably 
due to impurities, were also present. 

The spectra of compounds [1881 to [1911, formed by the reaction of 
bis(trifluoromethy1)diazomethane with the tricarbonyl(71-ally1)cobalt 
compounds, and the reaction oft  he products with triphenyl-phosphine or 
-arsine, each consist of two multiplets in the range 6 -65 to -70, in 
accord with the distinctly different CF, environments. (93) In [1891 to 

oc-cON$H 
I 'L co 

1188al L = C O  
I188bI L = PPh, 
[ 188~1 L = AsPh, 

oc - C O N  I I 
I \L C H 2  

co 

189al L = CO 
189b1 L = P P h ,  
189~1 L = AsPh, 
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CHMe 

I ‘L co I ‘L co 
[190al L = C O  
119ObJ L = PPh3 
[ 190~1 L = AsPh3 

19 11 

[ 191 I, the CF,-CF, coupling is resolved (10 Hz), and coupling of one or 
both CF, groups to a single hydrogen of the hydrocarbon chain (e.g. 7 
Hz for the low-frequency CF, in [189a and cl is also observed in [ 1891 
and [ 1901. The absence of this coupling from the spectrum of the minor 
isomer formed in the reaction of the 1-methylallyl complex, and its 
presence in that of the major isomer and of its derivatives (7-0 and 8-51, 
7.0 and 6-5 ,  7 and 10 Hz in the high-frequency and low-frequency 
bands of [ 190a-c respectively]) provide evidence for the insertion of the 
(CF3),C fragment between Co and CHMe groups in the minor and Co 
and CH, in the major isomers respectively. The reaction between 
chlorodinitrogenbis(tripheny1phosphine)iridium and the diazoalkane 
gave [1921, the I9F spectrum of which, a triplet (6 -57.2, IJ(P- 
CF,) + J(P’-CF,)I 5.7 Hz) remained unchanged down to -9OOC. (94) 

11921 

11931 R, = CHF2-85*9 (d, 59 Hz) 
R, = C2F, -80.0 (t, 3.5 Hz), -80.5 (q,3*5 Hz) 
R, = CF,CF,Co(CO), -46.5 (t, 21 Hz), -77.0 (t, 21 Hz) 
R, = CF2{CCo3(CO),] -103.5s 
R, = CF,CF,CO,H -80.5 br, -1  10.5 br 
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T A B L E  X 
19F NMR parameters for some fluoroacyliridium compounds (95) 

Compound Chemical Shift 

IrCI,(CO . CF,)(CO)(PMePh2),a -79.7 (s) 
IrCI,(COCF, )(PPh,), -70.2 (s) 
IrCI,(CO. CHF,)(CO)(PMePh,),” -122.6 (d 56.2) 
IrC1,(COCHF,)(PPh1), -116.5 (d 56.0) 
IrCI,(COCH,F)(CO)(PMePh,),” -207.2 (t 50.0) 
IrCI,(COCH,F)(PPh,), -191.6 (t 49.0) 

Phosphine ligands are trans by IH NMR. 

The preparation of a series of fluoroalkyl derivatives of the 
Co,(CO),C cluster has been reported, and parameters are given with 
structure [1931. (82) The bright red product formed in low yield in the 
reaction of (CF,),CFCo(CO), with NaCo(CO), is thought from its 19F 
NMR spectrum (sharp singlet, 6 -43.5) and other properties to be 
(CO),Co(C O)[ C (CF,),] Co(CO), . 

Parameters for some fluoroacyliridium complexes are listed in Table 
Xi (95) The spectrum of CF,HCOCo(CO),P(OPh), is described as a 
“doublet, 2J(F-H) 57 Hz, 6.71 ppm from CF,CO,Me.” (96) A shift of 
67.1 ppm from CF,CO,Me would give 6= -141.4, which would be 
more in accord with the iridium complexes. 

Parameters for a range of fluoro-olefin complexes of rhodium and 
iridium are given in Tables XI (97) and XII. The vinyl fluoride complex 

T A B L E  X I  
I9F data for some tetraluoroethylene complexes of iridium (97) 

Compound Chemical shift and comments 

-1 13.6; -130.3, broadened AB 
-101.2, apparent triplet 
-99.0, singlet 
-131.6; -134.0, broadened AB 
-129.7 broad AB; -137.6 complex 
-123.0 
-121.0,-129.1,AA’BB’ 
-121~6,-129~2,-130~4,-135~5,allcomplex 

-127.8; -134.2, broadened AB 
- 129.1 ; -1 3 1.8, broadened AB 
-127.2; -136.7, broadened AB 

-1 12.9, -131.0, AA’BB’ 

(I C,H,, = cyclomtene. acac = acetylacetonate. COD = cyclo-octa-1,5-diene. 



5 8  R. FIELDS 

T A B L E  XI1 

Some I9F NMR parameters for fluoro-olefin complexes 

(a) Chemical shifts (4 

Compound L Other groups @(1) dF(2) @(3) sF(4)(X) Ref. 

I194aJ 
1194bl 
11951 
11951 
11951 
11951 
11951 
I1951 
I1951 
I1951 
11951 
11951 
11951 
11951 
I1951 
I1951 
11951 
I1951 
I1961 
I1961 
11961 
11961 
11961 
11971 
11981 
I1981 
I199P 

CZH, 
PPh, 
AsPh, 
SbPh, 

PPh, 
AsPh, 
SbPh, 

PPh, 
AsPh, 
SbPh, 

PPh, 
AsPh, 
SbPh, 
PPh, 
PPh, 
PPh, 
AsPh, 
PBu;Me 

PPhIa 
AsPh: 

CZH, 

CZH, 

'ZH4 

F 
F 
F 
F 
CF, 
CF, 
c F, 
C F, 
CI 
CI 
CI 
Cl 
Br 
Br 
Br 
Br 

1 -MeC, H, 
2-MeC,H, 
2-MeC3H, 
2-MeC,H, 

CIH, 

-189.6 98 
-153.7 98 

-98.7 -98.7 -98.7 -98.7 99 
-104.9 -113.7 -113.7 -104.9 99 
-100.9 -114.9 -114.9 -100.9 99 

-91.4 -115.1 -115-1 -91.4 99 
-100.1 -86.9 -207.1 -66.88 99 

-96.1 -82.4 -177.2 -65.69 99 
-97.5 -77.8 -171.1 -66.14 99 
-98.7 -68.98 -159.4 -66.28 99 

-103.8 -98.5 -124.4 - 99 
-101.6 -92.32 -108.0 - 99 
-103.3 -87.3 -103.3 - 99 
-105.6 -82.1 -95.0 - 99 
-101.7 -97.1 -125.1 - 99 
-103.8 -90.6 -98.9 - 99 
-100.8 -85.7 -100.3 - 99 
-101.1 -77.0 -90.5 - 99 
-138.1 -110.0 -112.8 -115.2 84 
-138.9 -109.3 -111 .1  -115.2 84 
-140.0 -112.1 -113.3 -115.1 84 
-137.3 -109.4 -110.0 -113.2 84 
-139.0 -116.0 -107.8 -117.0 84 
-103.2 -128.1 -135.5 -121.1 84 
-138.1 -115.2 -101.9 -126.7 84 
-135.6 -111.3 -100.0 -125.1 84 
-133.4 -105.1 -103.1 -126.9 84 
-129.9 -114.3 -106.9 -123.1 84 
-117.4 -117.4 -117.4 -117.4 89 
-119.75 -119.75 -138.5 -138.5 100 

sF5-F8 -74.7, -90.8, -98.7, -108.4 respectively. 
GF5-FS -70.3, -92.0, -99.8, -108.9 respectively. 
See structures for 6F5-F8. 

(b) Coupling constants (in Hz) 

Compound L Othergroups 41-2) J(1-3) J(2-3) 4 2 - 4 )  J(3-4) Ref. 

11951 CZH, CFj(4P 77.5 62.6 12.5 7.1 9.7 99 
11951 PPh, CF,(4P 94.6 64.4 - - - 99 
11951 AsPh, CF,(4P" 89.8 59.9 25.6 8.6 14.1 99 
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TABLEXII-cont. 

Compound L Other groups 4 - 2 )  

1951 
1951 
1951 
1951 
1951 
1951 
1951 
1961 
1961 

I1961 
I1961 
11961 
11971 
I1981 
1981 

[1991‘ 
[200lI 

SbPh, 

PPh, 
SbPh, 

PPh, 
SbPh, 
PPh, 
PPh, 

C 2 H 4  

C $4 

CF3(4)”tb 92.7 
c Ib 77.0 
c Ib.‘ 87.5 
c Ib 85.9 
BP 75.3 
BP*C 87.0 
BP 89.7 
C 3 5  H b.d.e 153 
I-MeC3H,d.e 157 

PPh, 2-MeC,H4d,e 154 
AsPh, 2-MeC,H4P 149 
PBuiMe 2-MeC3H4d*C 158 
d.r /  168 
PPh,d.K 156 
AsPh,d.h 150 

151 
151 

J( 1-3) J(2-3) 

61.2 30.6 
62.5 8.5 
59.9 17.1 
63.7 22.0 
64.9 9.2 
63.6 19.9 
64.2 24.0 
33 2 
35 0 
31 6 
56 3 
344 4c 
31 0 
39 2 
38 3 
38 
38 

J(2-4) J(3-4) Ref. 

9.7 99 
- 99 
- 99 
- 99 
- 99 
- 99 
- 99 

30 169 84 
33 169 84 
29 170 84 
31 171 84 
32 170 84 
31 186 84 
39 168 84 
39 168 84 
36 166 84 
38 167 84 

- 
- 

- 
- 

- 

- 

“J(1-4) [J(F1-CF,)I 12.8-14.9 Hz in this group. bCouplings to Rh also given for these 
compounds. (99) Second order effects noted. Couplings to phosphorus also given in the paper. 
These two compounds appear in Table 2 of ref. 99 by a misprint as Rh(dpm)(AsPh,)(CF,CFCl) 
and Rh(dpm)(AsPh,)(CF,CFBr) respectively (R. D. W. Kemmitt, personal communication). 
d J ( 1 4 )  < 5 Hz. ‘J(P,-F,) 39-46, J(P,-F,) 46-52, J(P,-F,) 7-1 I ,  J(P,-F,) &13.’J(P2-F1) 
39, J(P2-F,) 5.0, J(P2-FJ 4.0, J(P,-F4) 31. ‘J(5-6) 265, J(7-8) 243, J(1-6) 53, J(4-6) 51, 
J(P-1) 37, J(P-2) 33, J(P-3) 12, J ( P 4 )  5, J(P-5) 67. hJ(5-6) 263. J(7-8) 243, J(1-6) 56, 
J(4-6) 51. ‘J(P-I) 39,J(P-2) 36,J(P-3) 12,J(P-5)6l.’J(P-1)41,J(P-2) 37,J(P-5) 105. 

[1941 exists as  two distinct geometric isomers [ 194a and bl, in which the 
fluorine is either “inside” or  “outside” with respect to the C,H, ligand, 
(98) and a similar situation is formally possible with the complexes [ 1951 

(z-C,H,) 

[ 194a] “F inside” 1 I94b1 “F outside” 
[ 194al [ 194bl 

J (  F-H ’) 73.8 71-0 
J (F-H ’) 24.2 22-0 
J (  F-H ’) 20.8 20.5 
J (R h- F) 12.5 6.2 
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,CMe3 
L 0-c 
‘ . /  \ 

CH 
F2 F’ ’kh -r/ ’0-c‘ ‘CMe, 

C 
F” ‘X 

I1951 

from unsymmetrical olefins CF, :CFX (X = C1, Br, CF,); the pre- 
parative method used results in the formation of the isomer with X 
outside, (99) the “inside” fluorines showing larger couplings to the 
rhodium. (98) The lUF( lH} spectrum of the bis(viny1 fluoride) complex 
(n-C,H,)Rh(CH, :CHF), shows the presence of all six possible 
stereoisomers, signals in the region - 150.9 to - 153 - 9  being associated 
with “outside” and -179.9 to -187.9 with “inside” fluorines. The 
spectrum flattens to the baseline at 12OOC giving a value of 71 kJ mol-’ 
for the energy barrier to  rotation. The maximum free energy difference 
between the rotamers appears, from the intensity ratio of the signals, to 
be ca. 3.5 kJ mol-’. 

Although the geminal coupling constants [J(F,-F,)] in [1951 are 
larger than J(F,-F,) or J(F,-F,), the changes compared with the free 
olefins are less marked than has been observed previously in iron and 
nickel complexes, or in the iridium complexes also noted in Table XII, 
and it is suggested that this indicates a smaller amount of back-bonding 
from rhodium. (99) Although the complexes [ 195, X = C1, Br, CF,l are 
shown clearly to be rigid structures on the NMR time scale, the 
tetrafluoroethylene complex [ 195, L = C,H,, X = Fl shows only a 
single resonance with rhodium coupling, which might suggest rotation 
about the C,F,-Rh bond. The spectrum unexpectedly remains constant 
from 25OC to -9OoC, however, more in keeping with a rigid structure, 
and further investigation of this complex is stated to be in progress. (99) 

The iridium complexes 11961, formed by the reaction of tetrafluoro- 
ethylene with the appropriate 7r-allyliridium complex, each show four 

Me 
\ 
,C=CH, 

I1961 [ 1971 
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bands which may be analysed as a pair of AB quartets. The signal due 
to F1 is considerably shifted compared with the other three fluorines, 
perhaps by proximity to the n-ally1 group. As usual in such olefin 
complexes, the geminal coupling constants are large compared with all 
the rest. In the complex [ 1971, similar couplings are observed, and again 
one fluorine is markedly different to the other three, but in this case 
appears to high frequency, and is assigned position 1 as shown, since 
this appears to be the only site which would be unaffected by the phenyl 
groups. 

Further reaction of complexes [ 196, L = PPh,, AsPh,, Ally1 group = 
2-methylallyll with C,F, gave compounds for which structures [ 1981 are 

F5 F6 

[ 198 1 L = PPh,, AsPh, 

proposed on the basis of spectroscopic evidence. (84) Thus the signals 

ascribed to the IrCF,CF, group remained essentially unchanged, as two 
AB quartets, (see Table XII) but in each case two more AB quartets, 
with J(A-B) ca. 265 Hz and ca. 240 Hz appeared, the former at high 
frequency (6 -65 to -75 and -90 to - 107), suggesting an a-CF, group 
in a fluoroalkyl group o-bonded to iridium. Strong coupling between F6 
and F1 and between F6 and F4 (e.g., 53 and 5 1 Hz respectively in [ 198, 
L = PPh,]) may be due to ‘through space’ interaction, since molecular 
models suggest a separation of only ca. 1.9 A. The strong coupling 
between phosphorus and F5 (e.g., 67 Hz in [ 198, L = PPhJ) is also 
suggested to be due to the close approach of these nuclei in the 
stereochemical arrangement shown. The double bond originating from 
the 7c-ally1 group is thought to lie in the same plane as the IrCF,CF, 
ring, but when the 1-methylally1 complex [1961 reacts further with C,F,, 
the product has temperature-dependent NMR spectra suggesting the 
presence of interconverting isomers, one, as above, with the complexed 

- 

I 

double bond in the plane of the irCF,CF, ring [1991 and the second 
with it lying perpendicularly to the IrCF,CF, [2001. Support for this 
assignment comes from the through-space coupling of F 1 to F6 (4 1 Hz). 

The 19F spectrum of [2011, the structure of which is confirmed by X- 

- 
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' 1  Cl -. 

J (  F7- 
239 

12001 J(F1-F6)41 Hz 

I202 I 
ray crystallography, shows a single band at 35°C (6 -59.1); this 
separates at -5OOC into two broad absorptions of equal intensity (6 
-58.6 and -60.3), but the reason for the change is not known. (101) 
Compound [202] also shows a sharp singlet (6 -60.22) at room 
temperature, but although the 'H spectrum shows substantial changes at  
lower temperatures, only broadening of the 19F signal was observable 
down to -9OOC. (102) The absence of measurable coupling between the 
CF,  groups in the spectrum of 12031, formed by the reaction of the 
azobenzene cobalt carbonyl complex [2041 with perfluorobut-2-yne, is 
ascribed to the distortion of the olefinic system shown crystal- 

12031 I204 I 
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-47.9. -50.3 - 
I205 I 

lographically. (103) Thermolysis of [2031 gives I2051, the 19F pattern of 
which is stated to show the cis-stereochemistry about the double bond, 
but no value for the F-F couplin’g is given in the paper. 

Five- and six-coordinate rhodium and iridium complexes containing 
MC(CF,) : C(CF,). C(CF,) : k(CF,) rings have been prepared including 
one example where such a ring is co-ordinated to a second metal atom 
[2061. (104) The rhodium complexes all show complex bands in the 

-46.63 m.-51.60 m 

[2061 

range 6 -48.7 to -58-9, (chemical shifts for over 30 examples are given 
in refs. 92 and 105) but the spectra were too complex for analysis. 
Temperature-dependent changes in the high-frequency signals due to the 
a-CF, groups for some of the compounds are illustrated in ref. 105. In 
contrast, the CF,-CF, coupling can be resolved in all four bands of 

I207 I 
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[2071. (91) Quartets at -49.1 and -51.5 for the a-CF, groups were 
coupled to septets at -56.4 and -57.5 respectively IJ(CF:-CF:) = 
J(CF:-CF:) = 15 Hz; J(CF:-CF:) = 16 Hz]. Four metallacyclic 
diketones L,ClRhC(O)C(CF,) :C(CF,)CO,nC,H, (L = AsPh,, 
As(C,H,,),, As@-Tol),, As@-FC,H,),) each show a singlet at ca. 6 

The reactions of fluoroalkyl acetylenes with complexes of cobalt, 
rhodium, and iridium give a wide range of compounds, some of which 
have been indicated above. Other examples for which IyF NMR 

7 . I  

-60.7. (92) 

I 

-73 .37 ,  

-76.09 

[2081 

R 
R = H, -52.45s 
R = Me,Si, -52.41s 
R = C(CF,)(C2F,), -53.8 (3), -62.1 (3), 

-77.2 (6), -103.7 (4) 
[ 209bl 

R 3  

6 -54.37 (unres. mult.) 

[ 209a I 

R' = R 2  = R 3  = CF, -52.04m, -55.71m 
R'  = R 3  = H, R 2  = CF, - 5 8 . 6 8 ~ ,  -58.94s 
R' = R 2  = H, R3 = CF, -58.41 

12111 

[IrCl(cod)(CF,C,CF,)12 

6 - 5 2 * 3 6 ~ ,  -57-45s 

[ 2  101 

M = CO -49.72, -51-52, -56-54 
M = Rh -49.24, -52.15, -56.45 

I2121 
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(T-CsH5)Rh- 

-51.98s 

(0c),c0c- -c-c-c-cco(co) ,  
I T 1  I I I  

-Rh(T-C,H,) CF, H Me Me H CF, 
-56.1s 

N 
I 

Ph,P-Rh-PPh, 
I 

(p)MeC,H4NNC\ \ fJC,H,Me(p) 
H ,C-C H 

I2151 

indicates that the CF, groups are equivalent at this temperature, but at 
lower temperature the signal broadens. Individual syn and anti CF, 
groups are not frozen out at -8OoC, however, and the precise process 
leading to the broadening (slowing down of planar inversion at nitrogen, 

parameters have been reported are shown in structures [208l to [2141. 
(100, 104, 106-1 11) A crystal structure determination shows the two 
different environments of the C,F3 groups in the centrosymmetric dimer 
[2101. (108) Parameters for the rhodium analogue of compound [211, 
R1 = R2 = R3 = CF,] (6 -52.55, -55.98) (109) are very similar to 
those for the cobalt compound, and the similarity is maintained with the 
tetrahapto(hexakistrifluoromethy1benzene) complexes [2 121. ( 104, 109) 
The singlet in the I9F spectrum of the compound assigned structure 
[ 2 131 presumably indicates free rotation of the “triply bridging” alkyne. 
(104) Compound [214] has the “flyover” structure (cf. Vol. 5A, p. 272), 
the positions of the groups being assigned by comparison with other 
examples for which X-ray crystal structure determinations have been 
carried out. (1 1 1) The product of the reaction of perfluorobut-2-yne with 
[Co(CO),(SC,F,)12 has also been shown crystallographically to have a 
-{C(CF,)},S- “flyover” (6 -50.7, -54.3, -58.0, -65.2) linking the 
two Co(CO), groups. (32) 

Several rhodium and iridium complexes containing the M- 
N : C(CF,), group have shifts in the range 6 -68.5 to -70.0. (1 12-1 14) 
The well-resolved triplet observed at 25°C for 12151 (J(P-CF,) 2.0 Hz) 
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or a decrease in rate of rotation about the Rh-N bond) has not been 
determined. (1 13) Parameters for other compounds containing M- 
N:C(CF,) groups and M-N(CF,) groups are shown with formulae 
[2161 to [2191. The structure of [2161 was confirmed crystal- 

H 
OC N-CCF, 

/ /  \\ 
Ph,P H 

OC-Ir I 
/ \ /C\CR:CH, 1 \c@N 

H 
OC N-CCF, I /NWCF!-67.7 / /  \\ 

Ir 

L N=C PPh, \ 
H CF, CFf -62.8 

PPh, \ 
CFf -62.8 

L = PPh,, R = Me 6 -63.9s, -69.3s J(P-CF;) 14.0 HZ 
J(P-CF;) 8.5 HZ 

12161 [2171 

H 
Ph,P N=CCF, 

IJ \ 
OC-Ir 

H 

-76.0s 
(MePh,P),(CO)ClIrNCF, 

-73.2s, -74.4s 

12181 12191 

lographically, (64) and similar 19F parameters were obtained for the 
analogous compounds [2 16, R = Me, L = Ph,Asl and [216, R = H, L = 
Ph,Pl. Structure [218], however, was assigned only somewhat ten- 
tatively. Compound [2191 is formulated as the nitrene complex, but the 
stereochemistry about the metal is not known. (1 15) 

Complexes of cobalt containing PCF, groups have been prepared 
independently by two groups, (116, 117) and parameters reported are 
shown with structures [2201* to [2241. The P-CF, coupling constant is 
increased in each case compared with that in the free ligand, as 
expected. Compound [2221 appears from the spectra to be a mixture of 
isomers a and b;  the separation of the second order doublet for the 
major isomer is 88 Hz. The spectrum of [2231 is also second order, with 
a major doublet separation of 68 Hz. Compound [2241 shows 
inequivalent CF, groups attached to phosphorus, and a bent Co-Co 
bond is invoked to account for this. (1 17) 

Two new isomeric complexes 

Co,(CO),(GL), ( G L  = Ph,P.C :C(PPh,)CF,.CF,), 

Parameters for this compound reported in ref. 117 are very similar: 6 -53.4,J(P-F) 78 Hz, 
J(P-H) 6 .8  Hz. 
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-52.9 
Co(CO), (NO)(PHCF3) 

1 6 4 p  8.5 HZ 

[2201 [2211 

[222a1 X = NO, Y = CO 
[222b] X = CO, Y = NO 

-53.6, J(P-F) 74.5 HZ 
-52.4,J(P-F) 71.0 HZ 

J(CF3-CF3) 8.0 HZ 

[2241 

[2251 

co co 

[2261 
with structures in which L-L is either bridging [225] or chelating [2261 
have been prepared; their 19F parameters are almost identical, (6 
-108.0, -107.8) in each case indicating a symmetrical structure. 
(118) Such bidentate ligands also displace C O  from the alkyne- 
dicobalthexacarbonyls, to give complexes for which the 19F spectra 
are very similar to those of the free ligands. Some examples are 
given with formula [2271. (1 19) The complex [Co(CO),(L-L’)], of the 
unsymmetrical ligand Me,Ask : C(NMe,)CF,. CF,, only the arsenic 
atom of which is co-ordinated to the metal, shows two equally intense 
singlets at 6 -108.0, -108.4. (1 18) 

I 
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(GL)(PhC=CPh)Co,(CO), 

L-L = "ElF2 
Me,As AsMe, 

L-L = F2aF2 
Me,As PPh, 

6 -105.9s 

6-105.2m, -106-4m 

Me,As AsMe, 

12271 

6-104.2m, -130.7m 

6 -50.5s 

Like the (diene)ironcarbonyl compounds (see p. 38), cyclopenta- 
dienyl(diene)rhodium reacts with hexafluoroacetone to give products 
in which the (CF,),C-0 group links the metal and one end of the 
original diene [2281, the absence of Rh-F coupling suggesting the 
direction of insertion shown. (63) Attack on the cyclopentadienyl group 

I 
H- DL/O I 

Rh/" 

I OH 

I 
( n- c A) 

R1 = R3 = H, R2 = Me -74.2qd, -76.3qd 

R1 = R2 = H, R3 = Me -74.4q, -76.6q 

R2 = R3 = H, R' = Me -74-2q, -76.5q 

0 6 - c ~ ~  
J(CF,-CF,) 9.0, J(CF,-H) 1.0 HZ \ 4 - 7 4 3 ,  -77.0 

CF, J(CF,-CF,) 9.5 HZ 

J(CF3-CF,) 9.5 HZ 
[ 2291 

[2281 
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F,c-\C OH J J c  ! PH -cF, 

/ \cF3g -74. I .  -76.0 
F,C 

[2301 

also gives [2291 and [2301, the CF,-CF, coupling being taken to be due 
to restricted rotation about the ring -C(CF,), bond as suggested by 
molecular models. 

I9F Spectra of complexes formed by the reaction of cobalt 
trifluoroacetate with alkylpyridines show the presence of cis and trans 
isomers of CoL,(O,CCF,), at low temperatures; the two distinct bands 
broaden and disappear into the baseline at 40-60°C, and reappear at 
higher temperatures as single time-averaged bands. Shifts reported range 
from 6 +10 to +110, as expected for such magnetically anisotropic 
species. ( 120) 

The chemical shifts for [(7r-C,H5)Co(SCF,)l, (6 -33.1) (121) and 
trans-Ir(SCF,)(CO)(PPh,), (6 -25.4) have been reported. (122) The 
triplet coupling to phosphorus ( J  1.0 Hz) establishes the stereochemis- 
try of the latter compound. 

F. Nickel, palladium, and platinum 
The pseudotrigonal nickel complexes (n-C,H,)NiR,PPh, [R, = 

CF,, 6 -3.1, J(P-F) 14 Hz; R, = C,F,, 6 CF2 6 CF, -80.2, J(P-F) 
38.0, J(CF,-CF,) 2.0 Hz, 6 CF, - 93.0; R, = (CF,),CF, 
6 CF -188.0, J(P-F) 85.5 Hz, 6 CF, -67.7, J(CF,-CF) 11  Hz] show 
little or no change in chemical shifts or P-F couplings over the tempera- 
ture range 293 to 173 or 183 K, (44) in contrast to some of the 
analogous iron (44) and cobalt (83) complexes studied (see pp. 19 
and 49), which may indicate free rotation about the M-Cflover he 

Trifluoromethylplatinum(I1) complexes, both cationic ([Pt(CF,)- 
(PMe,Ph),Ll@Xa) and non-electrolytes [Pt(CF,)(PMe,Ph),Yl (where L 
is a neutral ligand, Xo is PF,O or BFf, and Y is an anion), have been 
prepared from PtCF,(PMe,Ph),I. (123) All the resulting complexes 

whole temperature range. LJ L&mf 
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T A B L E  XI11 

Some ''F NMR parameters for CF,-Pt(I1) complexes' 

Compound 6 J(Pt-CF,) Ref. 

-11.20 
-15.22 
-14.71 
-13.68 
-13.19 
-13.81 
-22.28 
-20.24 
-20. I8 
-14.36 
-15.40 
-15.75 
- 14.64 
-19.97 

-19.85 
-11.20 

. -11.95 
- 10.79 
-10.52 
-11.81 
-13.00 
-11.60 
-15.04 
-17.6 
-24.80 
-1  1.09 
-24.60 
-29.73 
-23.90 
-29.01 
-24.20 
-19.61 
-2 1.60 

~ 

858 
780 
778 
724 
72 1 
702 
656 
620 
620 
662 
566 
550 
708 
482 

468 
795 
754 
763 
757 
714 
72 1 
7 10 
644 
565 
793 
79 1 
752 
736 
74 1 
73 1 
719 
713 
627 

~ 

123 
123 
123 
123 
123 
123 
123 
123 
123 
123 
123 
123 
123 
123 

123 
123 
123 
123 
123 
123 
123 
123 
123 
123 
124 
124 
124 
124 
124 
124 
124 
124 
124 

~~ ~~ 

Q = PMe,Ph throughout this Table. 
The phosphine ligands exchange at room temperature. Parameters are from spectra 

obtained at low temperature. 
'J(P-F) 7.2 Hz. 

have the two phosphine ligands tmns, as shown by their 'H methyl 
triplets, and 19F shifts and couplings to 195Pt are given in Table XIII. 
The CF, groups also show triplet splitting from the two equivalent 
cis-phosphorus nuclei (16-20 Hz), and larger (56-57 Hz) coupling 
when a phosphorus ligand is also trans to the CF, group. With few 
exceptions (L = SbPh, and, to a smaller extent, CO) J(Pt-CF,) 
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shows a linear correlation with J(Pt-CH,), both for non-electrolytes, 
and for cations, each group having a slightly different slope, and there is 
also a general tendency for high values of the coupling constant to be 
associated with (numerically) low values of 6. The causes of these 
correlations, and their implications, are discussed in detail in the paper. 

Bis(trifluoromethyl)platinum(II) compounds containing a wide range 
of other ligands have been prepared from (CF,),Pt( 1,5COD), (124) and 
the chemical shifts and 19F-195Pt coupling constants reported are also 
given in Table XIII. The magnitude of J( 19sPt-19F) can be used to rank 
the ligands according to their trans-influence, a high trans-influence 
corresponding to a low value of the coupling constant. 

Parameters for some CF,Pt(IV) complexes are given in Table XIV. It 
is pointed out that the spectrum of the tetramethylcyclobutadiene 
complex [231] shows J(Pt-PCH,) and J(Pt-F) similar to those of 

MnMe 
Me I Me 

. Pt 
PhMe,P" 1 'PMe,Ph 

CH, 
-9.86 

J(Pt-F) 496 HZ 

[23 1 1  

complexes of Pt(1V) rather than of Pt(II), (125) the absence of coupling 
from phosphorus to fluorine being ascribed to the pseudo-tetrahedral 
structure necessitated by the cyclobutadiene ligand. The structure of the 
complex has been confirmed crystallographically (126). A single bis- 
(trifluoromethy1)palladium complex [2321 has also been reported. (127) 

(MeO),P\pd,CF, - 19.8 

(MeO),P' 'CF, 

Protonation of tetrafluoroethylene platinum complexes L,Pt(C,F,) 
with trifluoroacetic acid gives tetrafluoroethyl complexes L,Pt- 
(CF,CF,H)(OCOCF,). (128) The NMR spectra showed the illustrated 
trans stereochemistry for complexes [2331 and [2341, but the 'H 
spectrum of [2351 confirmed that it was the cis-isomer; the main signal 
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T A B L E  X I V  

Some "F NMR parameters for CF,-Pt(1V) complexes" 

Compound s J(Pt-CF3) Other couplings Ref. 

- 17.0 505 

-19.3 517 

-22.62 419 

Me 

-29.45 41 1 
M e \ I  /Q 
CF, I Q 

CI 
Apt, 

123 

I23 

I23 

123 

Q = PM5,Ph throughout this Table. 

for the a-CF, of this compound was obscured by the CF,-group, and the 
parameters given were taken from the platinum satellites. Chemical 
shifts for (Ph,As),Pt(CF,CF,H)(OCOCF,) were similar to those for 
[2331-[2361, but no platinum satellites were observable. 

The reaction of bis(trifluoromethy1)diazomethane with (sti1bene)bis- 
(tripheny1phosphine)platinum unexpectedly gave the platinum fluorides 
[237] and [2381, with the parameters shown, as minor products, (94) the 
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-75.6 
CF,CO2\ /PBu, 

Pt 

Hz 

J(P-CF,”) 25 Hz (triplet) 
J(Pt-CFg) 102 HZ 

[2331 

-75.8 
Ph2MeP, / OCOCF, 

Pt 
Ph,MeP’ 4>CF,CF H 

&53Hz 

J(P-CF7) 33 Hz (doublet) 
J(Pt-CFt) 99 Hz 

12351 

-52.8 
Ph3P\ /CH(CF3)2 

Pt 
F’ ‘PPh, 

J(CF,-H) = J(P-CF,) 11 * O  HZ 
J(Pt-CF,) 97.0 HZ 

[2371 

-15.3 
CF3C02\ / PEt2Ph 

Pt 
Et,PhP/ 3>CF2CF H 

)49Hz 

J(P-CF7) 23 Hz (triplet) 
J(Pt-CFf) 98 HZ 
J(CF7-H) = J(CFY-CFf) 5.7 HZ 

[2341 

[236l 

-50.1 
Ph3P\R/ CH(CF3)2 

Ph,P/ ‘F 

J(CF,-H) = J(P-CF,) 11 .O HZ 
J(Pt-CF,) 97.0 HZ 

12381 

structure of [2371 being confirmed crystallographically. (129) As 
frequently happens, the signal due to Pt-F, which would be coupled to 
several other nuclei, was unobservable. With bis(benzonitri1e)-palladium 
or -platinum dichloride, insertion of (CF,),C into the M-CI bond gave 
[2391 and [2401, (94) and a similar insertion to give [2411 has also been 
reported. (1 30) 

The preparation has been reported of several three-, four-, five-, and 
six-membered ring systems in which the metal is bonded to a CF, or 
C(CF,) group, and parameters are given with structures [2421 to (2641. 
The single hydrogen in [2421 could not be located, but the geminal F-F 
coupling constant is typical of the metallacyclopropane structure. (94) 
No platinum satellites were reported for the geminal fluorines, however, 
and a strong P-F coupling (30.0 Hz) was distinguishable in only the 
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PhCN, ,C(CF3),C1 (CFJ2CCI, /C1, ,NCPh 
M M M 

PhCN’ ‘ C(CF3)2C1 PhCN’ ‘CIA ‘C(CF,),Cl 

M = Pd 6 -62.3s 
M = Pt 6 -63- 1, J(Pt-CF3) 53.0 HZ 

M = Pd 6 -62.9s 

12391 [ 2401 

[2411 

band at 6 -107.0. The platinum-fluorine coupling for the CF, group is 
also considerably smaller than that found in [2431. (131) The carbene 
complexes [2441 show only the expected singlets. (132) 

r- 

[2421 [2431 

\ ,C(CN), Bu‘NC 

B””H\ p,l 
.C C(CF3)2 

R , N ~  

R = Me 6 -55.3 

[2441 

Hexafluorobicyclo[2,2,0lhexa-2,5-diene readily gives [245a and bl 
with Pd(PPh,), and Pt(PPh,), respectively. (30) The bands at 6 -171.5 
in [245al and at 6 -176.4 in [245bl are broader and more complex than 
those at 6 -165.0 and -165.7, presumably because of phosphorus- 
fluorine coupling, and are thus assigned to F(5) and F(6). This reverses 
the assignment originally suggested for [245bl. (30b, 3 1) Both the band 
at -176.4 and that at -165.7 in [245bl show platinum satellites [J(Pt-F) 
180 k 5 Hz and 185 & 5 Hz respectively], suggesting through-space 

R = Et 6 -55.4 
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F' 

6 ( F ' P )  6(F2F3) 6(F5F6) 
[245a1 M = P d  -165.0 -126.9 -171.5 
1245bI M = Pt -165.7 -126.0 - 176.4 

coupling to F( 1)  and F(4) in the e m  structure shown. Further reaction 
of [245a and b] with Pd(Ph,), or Pt(Ph,), respectively gives [246a and 
b], but [246a] is too insoluble for NMR measurements. The presence of 

[246al M = Pd Too insoluble 
[246bl M = Pt Parameters given 

only two bands in the spectrum of [246bl, both showing Pt-F coupling, 
and the high-frequency shift of F ( l )  and F(4) suggests the exo-exo 
structure shown with F( 1) and F(4) close to two metal atoms. The band 
due to F (  1) and F(4) shows coupling to both the platinum atoms, though 
the outer bands are reported to be only just detectable. The novel 
diplatinacyclopropane [2471, formed in the reaction of hexafluoro- 
propene with Pt(COD),, also shows a 1 : 8 : 18 : 8 : 1 multiplet (6 -48-2), 
consistent with coupling of the CF? groups to two equivalent 195Pt nuclei 
[J(Pt-CF,) 153 Hzl, and irradiation at the ls5Pt resonance frequency 
reduced the multiplet to a singlet. (1 33) 

-48.2 

/-\ 
(cod) Pt-Pt (cod) 

J(Pt-CF,) 153 HZ 

[2471 
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m -98.9 br s 

(2481 
The 19F spectrum of [2481 consists only of broad singlets, the high- 

frequency signal being strongly coupled to platinum. In [2491, each band 

-147.8 

[ 249 1 
appears as a strong singlet in the centre of four pairs of doublets. 
Coalescence of the N lines of the expected X,AA’X; system would give 
the strong central lines, indicating that I JAx + JAx,I is zero, and it is 
suggested that the very weak splitting observed in many octafluoro- 
metallacyclopentanes may arise because of couplings of similar 
magnitude but opposite sign. (13 1) In accord with this, the signals for 
(2501, apart from quartet splitting of the a-CF, groups, which 
establishes that all three phosphorus atoms are co-ordinating to the 
metal, appear as singlets, and for 12511 appear simply as two 3 Hz 
triplets; (134) [252] shows only triplet-splitting of the a-CF, by 

-103.9q -138.5s 

MeC(CH,PPh,),Ni /c FY-7F 
‘C FY-CF 

J(P-CF:) 18.8 HZ 

[2501 

-94.5 -137.6 -97.4 -137.6 

h i ’  F2-7F2 (o-CH,C&),P 

(o-CH,C,H,),P’ \ CF,-CF, ‘C ,,,-TF2 F,-C F, 

J(P-CF:) 40 f 1 Hz 

MeC (C H,A sPh,),Ni 

l25ll 12521 
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phosphorus. (135) The carbene complexes [2531 show two different a- 
CF, resonances, [6 -104 to - 1  1 l l  as expected since one is cis to the 
isonitrile and the other cis to the carbene ligand, but the P-CF, 
absorptions (6 - 136 to - 14 1) are not resolved. (1 32) Again there are no 
large F-F couplings observable. No large couplings are seen in the 
corresponding hexafluoronickelacyclopentene complexes [2541, but the 
two p-fluorines are readily resolved, as are the a-CF, groups (a-CF, 
-90.8 to -91.3 and -92.7 to -96.1, P-CF -148.6 to -148.8 and 
-149.6 to -150.1). 

12531 [2541 

Tetrafluoroethylene reacts with Pt(COD), to give the di- 
platinacyclohexane [2551, which at 90°C shows a singlet (6 -86-2) with 

[2551 

two pairs of platinum satellites [,J(Pt-F) 388, ,J(Pt-F) 98 Hzl. (133) At 
lower temperatures the spectrum broadens and at -6OOC gives an AB 
pattern (6, -81.6, 6, -93.4; J(A-B) 225, J(Pt-A) 390, J(Pt’-A) 80, 
J(Pt-B) 350, J(Pt’-B) 133 Hz), consistent with FA and F, being axial 
and equatorial fluorines in a puckered (presumably chair) conformation 
which undergoes rapid inversion at room temperature. 

Chemical shifts in the palladium (127) and platinum (131) mono- 
(hexafluoroacetone) complexes [2561 are almost independent of the 
metal or of the other ligands, and very similar values are reported for the 
hexafluoroisopropylidineimine complex [257]. ( 13 1) The difference 
between the coupling of the CF, groups to phosphorus ligands in the cis 
and trans positions, however, is notably larger for the platinum 
complexes than for those of palladium. 
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M L o r  L, 6CF, J(P,is-C F3) J(Ptrans-CF3) 
Pt (Ph,PCH,), -66.2" 2.0 12.0 
Pt P(OPh)3 -66.5' 3 .0  17 .0  
Pd P(OPh)3 -66.1' 13.0 13.0 
Pd PMePh, -66.3 7 .0  11.0 
Pd (Ph,PC H2)2 -66.3 7.5 13.5 

"J(Pt-CF,) 71.0 Hz. 'J(Pt-CF,) 60 .0  Hz. ' At -80°C. 

[2561 

Ph, 

J(P,,,-CF,) 1.0 HZ 
J(P,,,,,,-CF3) Il-O'Hz 

[2571 

The four-membered ring compound [ 2581, obtained by treatment of 
Pt(COD), with hexafluoroacetone, has been characterized by single 

PF3 -61.9 

O*'ACF3 

I /  
(cod) Pt-Pt (cod) 

12581 

crystal X-ray diffraction. (1 34) The I9F spectrum consists of a singlet (6 
-67.9) with two pairs of satellite peaks [,J(Pt-CF,) 115-9, *J(Pt-CF,) 
11.5 Hzl, and four further peaks, showing second order effects, 
attributed to molecules containing two 195Pt atoms with rather similar 
chemical shifts. A I9F( IssPt} INDOR investigation gives the separation 
as 634 ppm (21.4 MHz) with 'J(Pt-Pt) 5355 Hz, the first one-bond 
platinum-platinum coupling constant to be measured. 

Chemical shifts of one C(CF,), group in each of the five-membered 
ring complexes [2591, [2601 and [2611, and Pt-CF, coupling constants 
in the platinum compounds, are very similar to those in [2561, and are 
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M 
Pt 
Pt 
Pt 
Pt 
Pd 
Pd 
Pd 
Pd 
Pd 

(CF3)2 
&C F;) J(Pt-F) 
-64.9 76 
-66.6 72 
-66.0 79.0 
-67.1 68.5 
-65.7 - 
-64.1 - 
-64.8 - 
-65.5 - 
-66.3 - 

12591 

&CFf) 
-80.6 
-80.7 
-82.5 
-80.4 
-81.4 
-80.4 
-80.9 
-80.4 
-81.1 

-81 .1  -80.9 

(Et 3P)2( MeO), 

-66.4 
-64.4 

J(P,,-CF;) = J(P,,,,-CF;) = 6.0 HZ 

12601 [2611 

thus ascribed to the C(CF3), groups bonded to the metal. (127, 131) 
Weak coupling (ca. 3 Hz) between the two sets of C(CF,), groups could 
be observed in many of the compounds, and coupling of the a-C(CF,), 
group to the cis- and trans-phosphorus ligands could also be observed. 
Parameters listed for nine carbene complexes of the type [259, M = Ni, 
Pd, Pt, L = CNR, C(NR'R'')(NHR''')l and for their bis(isonitri1e) 
complex precursors [259, M = Pd, Pt, L = CNRI are very similar to 
those given with structure [2591. (132) A X-ray crystal structure deter- 
mination shows that the C(CF,), group is cis to the isonitrile ligand in 

I 

the carbene complex (B~'NC)[BU'NH(E~,N)CIP~C(CF,)~~C(CF,),O. 
(1 36) 

Compound [2611 differs from the rest in being pentaco-ordinate, and 
it is suggested that the oxygen will occupy an apical position. (127) 
Compound [2621, in which the Pt-F couplings are small, suggesting the 
Pt-0-C(CF,), linkage, is obtained, like (2581, from the reaction of 
Pt(COD), with hexafluoroacetone. (133) 
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-72.04q (J(CF3-CF3) 10 HZ 

-77.80q.J(Pt-CF3) I I Hz 

H 

I2621 

Parameters for the “mixed” heterocyclic compounds [2631 do not 
allow a distinction between the two possible structures with X = 0, Y = 
NH or X = NH, Y = 0, but an X-ray crystallographic study of the 

X = O , Y  = N H  or X = N H , Y  = 0 

M Lor  L, 6CFY . J(Pt-F) 6C F/: 
Pt PPh,Me -63.9 88 -80.9 
Pd (Ph,PCH,), -65.3 - -81.7 

X = Y = N H  
Pt PPh,Me -66.1 80 -81.65 

I2631 

corresponding nickel complex with L = Bu‘NC corresponds to the 
former arrangement. (137) Complex [2641, formed in the reaction of 
(Ph,P),Pt(CF,CN) (see [3061, p. 95 for I9F parameters), with 
hexafluoroacetone, shows a triplet ( 5  Hz) suggesting that J(PCis-CF,) = 
J(P,,,,-CF,) for the single CF, group. (138) The spectrum was 
unchanged at -90°, suggesting that this was not a time-averaging effect. 
The CF: groups in [2651 are magnetically equivalent in solution, 
although an X-ray study shows the ring nitrogen to be sp3 hydridized in 

I 2 1 H z  I 
[2641 
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M 
1265a1 Pt 
1265bl Pt 
1265cl Pd 
I265d 1 Pd 
I265el Ni 
1265fl Ni 
l265gl Ni 

L 
PPh, 

Bu‘NC 

Bu‘NC 
PMePh, 
1,5 cod 

PEt, 

c-C,H, ,NC 

I2651 
6C F: 
-59.5d 
-58.8d 
-62.5s 
-62.3s 
-62.0s 
-59.9d 
-57.0s 

6CF’; 
-63.5m 
-6 1.8m 
-62.5q 
-62.4q 
-62.6q 
-60.9m 
-6O.Oq 

6C F‘; 
-65.8m 
-65.8m 
-66.8q 
-66.7q 
-63.7q 

-63.8q 
-63.4m 

the solid state. (94, 139) There must therefore be rapid inversion in 
solution, even at -95OC, at which temperature the NMR spectrum of 
[265al was unchanged. (Essentially identical parameters for [265al have 
been reported independently. (130)) Coupling of these CF, groups to 
platinum (79.0 Hz for [265a], 81.0 Hz for 1265bl) is similar to that in 
[2571, as is J(P,,,,-CF,) (10 H z  in [265a, b, fl). The other two CF, 
groups are magnetically inequivalent and coupled (J(CF,-CF,) 6 - 0  Hz 
in each case), and in [265a, b, and f] are also coupled differently to 
phosphorus (J(P-CF!) 2-2.5 Hz, J(P-CF‘,) 6.0 Hz). In (2661 the 

-66.9. J(CF,-H”) 3.0 HZ 
o < ~ ~ c F , ) ,  -70.1.J(CF,-Ha) 1.5 Hz 

I J(CF,-CF,) 10.0 HZ 

4 4 . 4 ,  -58.7 
J(CF,-CF,) 10.0 Hz 

I2661 

“free” : C(CF,), has become attached to the cyclopentadiene ring. (93) 
The appearance of two pairs of inequivalent CF, groups shows that 
there is no symmetry plane through the nickel atom and the two C, 
rings, in accord with a structure such as that shown, in which the nickel 
is bonded to only one double bond of the “attacked” cyclopentadiene. 
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[267al L = PPh,, X = I [267b1 L = PPh,, X = SCN 
also L = PPh,, X = NO,, NO, 
L = PMePh,, X = SCN, NO, 

6F' 6F2 6F3 
a -100-6 -129.2 -147-5 
b -100.4 -128.7 -148.2 

coupling constants 

F'-F2 F'-F3 F2-F3 P-F' P-F2 P-F3 Pt-F' Pt-F2 Pt-F3 
a 102 31 104 6 3.5 1.5 65 58 480 
b 97 30 105 6 4 2 66 50 430 

I---- 
Rearrangement of the olefin complexes L,PtCF,. CFBr and anion 

exchange gives a series of trifluorovinylplatinum complexes 12671. 
Parameters for two examples are given with the structure; apart from 
the platinum-fluorine couplings, which were not observable even with 
CAT accumulation, the parameters for the other members of the series 
were very similar to those shown. (140) Parameters for the complexes 
(Ph,MeP),PtCFCl. CFCl (phosphine ligands cis, fluorines cis or trans) 
and for their rearrangement products (Ph,MeP),Pt(X)CF : CFCl 
(phosphine ligands trans, fluorines cis or trans about the double bond, 
X = C1 or OAc) are similar to those for the bis(tripheny1phosphine) 
complexes reported previously; (14 1, 142) parameters for 

- 
(PEt,),PtCF,CF, [X,AA'XS system centred at 6 - 127-5, with platinum 
satellites, J(Pt-F) 280 Hzl are also similar to those of the bis- 
(triphenylphosphine) complex. (143) The CF, group in the olefin 
complex formed by displacement of ethylene from ethylenebistri[(+)- 
bornan-2-yllphosphitenickel with 2,2,2-trifluoroethyl acrylate showed 
only a complex triplet, but in the presence of Eu(dpm),, two triplets 
[both J(F-H) 8.2 Hz], with intensities 1 : 1.44 could be seen with a 
separation of 0.17 ppm, indicating that the optically active bornanyl 
group had induced asymmetric formation of the complex. (144) 

The reaction of an excess of a mixture of cis- and trans-peduorobut- 
2-ene (cis :trans = 1 : 4) with trans-stilbenebis(tripheny1phosphine)- 
platinum gave a single isomer of the perfluorobut-2-ene complex 
(Ph,P),PtCF(CF,). CFCF,, and a similar reaction with Pt(AsPh,), gave 
(Ph,As),PtCF(CF,). CFCF,, which, on treatment with Ph,P, gave the 
same (Ph,P),PtCF(CF,)CFCF,. (145) Complexes with PPh,Me or 
Ph,PCH,CH,PPh, ligands were also prepared by ligand exchange and 
had similar spectroscopic properties (see Table XV; the diphos complex 

- - - 



T A B L E  XV 

Some I9F NMR parameters for compounds [2681 

z 
(2681 E 

J(P-CF,) (J(P-CF) + J(P’-CF)I m L’ L2 M3F3 J(Pt-CF,) SCF J(Pt-C F) II 

a PPh, PPh, -68.2 78.1 -20 1 68.0 9.0 52.4 0 

c PMePh, PMePh, -68.0 80.0 -200.9 66.2 9.8 54.8 m 

8 
-196.1 (FB) 4 

-1 - - b AsPh, AsPh, -68.3 92.2 -194.1 95.0 

0 d PPh, AsPh, n.r.a n.r.a -198.5 (FA) 

e Ph,PCH,CH,PPh,b 

” n.r. = not reported. Too insoluble for NMR measurements. 

00 
w 
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was insufficiently soluble for NMR measurements) so that all the 
complexes were known to have the same stereochemistry within the 
PtCF(CF,)CF(CF,) group. A direct measure of J(CF-CF), needed to 
establish this stereochemistry, was obtained from the product of the 

- 
reaction of (Ph,As),PtCF(CF,)dFCF, with one equivalent of Ph,P. In 
the major product [268dl, the two C F  groups are no longer equivalent 
(CFA trans to P, CFB trans to As) and the coupling between them (60 
Hz) establishes that the fluorines are trans as shown. The C F  region of 
the spectrum, both normal and with 31P decoupling, is shown in the 
paper. 

An X-ray crystal structure of compound [268al has been reported 
independently, (146) and the 19F shifts and splittings given in this paper 
agree well with those in Table XV. The triplet spacing in the C F  signal, 
however, was incorrectly attributed to accidental equivalence of the cis- 
and trans-P-CF couplings, rather than to deceptive simplicity in the 
AA‘XX’ system.* 

Rearrangement of the butene complexes [268a, c, el and of the 
complexes L,PtCF,CFCF, (L = PPh,, PMePh,, L, = diphos) in the 
presence of stannic chloride gave the vinyl complexes [2691, parameters 
for which are given in Table XVI. The low values for the platinum 
coupling constants showed that the chlorine in [269a and bl must be 
attached to the a-carbon (cf. the large couplings to the signal at -99.0 in 
[269cl). The stereochemistry about the double bonds in [269c-f1 follows 
from the coupling constants; J(Fa-Fp) in [269cl is too low for trans 
fluorines, and J(CF,-CF,) in [269d-f1 is typical of CF, groups 
trans about a double bond. (146) 

A study of platinum-fluorine coupling constants in compounds of the 
type trans-Pt(PEt,),(X)CF3 :CF1F2 (where F1 is trans to the metal) 
shows that while J(Pt-F3) correlates linearly with other measures of the 
trans-influence of X, J(Pt-F1) and J(Pt-F2) do not, and reasons for this, 
including a through-space contribution which depends on the orientation 
of the C-F bond with respect to the co-ordination plane of the platinum, 
are discussed. (148) 

Rearrangement of the hexafluorobuta- 1,3-dieneplatinum complexes 
[270, L = PPh,, AsPh,, PMePh,] gives the corresponding complexes 

n 

* This paper also comments, in the course of a discussion on the bonding in the complex, on 
the large change in the environment of the C F  fluorines “the chemical shift of the resonances 
being 136.5 ppm further upfield in the complex than in the free olefin”. (147) The actual change 
is 38.6 ppm. the signal in the spectrum of the free olefin attributed in the 1968 paper (147) to the 
CF group being that of the CF, groups of the less-abundant cis-isomer, unfortunately present in 
an approximately 1 : 3 ratio. 
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Some I9F NMR parameters for compounds 12691 

X', ,x2 

,c=c 
L2PtCl 'x3 

12691 

L X'  6X' X2 6x2 x3 6 x 3  
a PPh,"." CI - C F, -66.2 F -1 15.7 
b PPh,Me"," CI - CF, -65.8 F -1 16.3 
c diphosd F -99.0 F -153.2 CF, -66.4 
d PPh,"," CF,  -50.7 F -102.3 CF, -66.9 
e PPh2MedJ CF, -49.6 F -102.2 CF, -66.9 
f diphosd.K CF, -50.4 F -100.1 CF, -68.0 

?I r 
C 
0 
e 
2 

Coupling constants ( J  in Hz) 2 
A z 

I \ 
v, (1-2) (1-3) (2-3) (Pt-1) (Pt-2) (Pt-3) 

- - 14.0 - 28.1 136.8 7 
- - 13.6 - 25.0 134.0 

v, 
0 38.2 9.1 16.0 352.3 - - 

18.4 1.5 11.2 124.0 278 19-0 O, 
15.0 2.0 12.1 87.0 200 17.8 * 
18.0 2.1 12.2 80.1 208 18.1 

Phosphines are trans. "(P-CF,) 3.4, J(P-CF) 5.3 Hz. 'J(P-CF,) 3.0, J(P-CF) 5.3 Hz. Phosphines cis. .J(P-X') 2.0 Hz. 'J(P-X1) 
6.4 Hz. 'J(P-X') 6.2 Hz. 
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-161.4 - 110.4 

F4, ,c=c, ,F6 

L\pt/c'F3 -184.5 
L/ \I,F2 - 1  13.9 

F'-109.0 

J(1-2) 176*2;5(1-3) 1.5; 
J(2-3) 56.3; J(2-4) 14.9; 
J(3-4) 16*2;J(3-5) 2*l;J(3-6) 19.8; 
J(4-5) 112.6; J(4-6) 27.8; 
J(5-6) 62.4 Hz. 

F5 -99.5 

c, 
(270al L = PPh, Parameters given 
1270bl L = AsPh, 
1270~  I L = PMePh, 

- 156.0 

J( 1-3) 1.9; J( 1 4 )  7.0; J( 1-5) 8.0; 
J(2-3) 23.2; J(2-4) 13.9; 
J(3-5) 108.2 HZ 

[271a1 L = PPh, Parameters given 

(271~1  L = PMePh, 

[2711, (149) in which the stereochemistry of the diene system is defined 
by the I9F parameters. The compound assigned structure [270al, for 
which the parameters are given with the structure, was completely 
characterized, but has different physical and chemical properties to the 
compound reported previously to be obtained, (150) and the authors 
were unable to obtain material corresponding to the 1968 report. 
Complex [270, L = AsPh,] has similar NMR parameters to those given 
for [270al, and parameters for analogues of [271al with PMePh, and 
AsPh, ligands are also given in the paper. 

Reactions of perfluorobut-2-yne and of 3,3,3-trifluoropropyne with 
appropriate platinum and palladium complexes give the vinyl-metal 
complexes [2721 to [2761. (125, 131, 151) The CF, groups in [272], 
[2731 and [2741 are cis, as shown by the CF,-CF, coupling. (125, 151) 
Parameters for three examples of structure [2751 are given with the 
formula, and those for other complexes of this type (X = NCS, NO,, 
CN) and of the corresponding ionic compounds truns-lPt(PMe,Ph),- 
(L){ C(CF,): CHOMe}lPF, (L = EtNC, AsPh,, SbPh,, CO, Me,CO, 
MeC i CMe, PMe,Ph, : kCH,CH,CH,b) are tabulated in ref. 153. The 
CF, groups absorb in the range -46.9 to -51.3, with no observable 
coupling to phosphorus. The Pt-CF, couplings range from 78 Hz for 
the carbene complex to 143 Hz for the acetone complex, and correlate 

[271bl L = AsPh, 
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-46.02 

PFP 

L 

J(CF!-CH,) 2.0 HZ 
J(Pt-CF!) CQ. 6 HZ 
J(P-CF!) 3.0 HZ 

[2721 

J(R-CF;) 98.5 HZ 

J(P-CF;) 9.1 HZ 
J(P-CF!) 2-0 HZ 
J(CF;-CH,) 2.2 HZ 

J(Pt-CF!) 5 H z  

12731 

-6 1.48 

-53.6 vl -59.3 

Pt 

J( R-C FJ 
128.2 

J(Pt-CF;) 11 1.0 HZ I M e  -51.3 125.8 
J(Pt-CF!) 12-0 HZ CI Et -49.7 128.4 

X R XF3 
CI M e  -49-8 F3C CF3 

12741 I2751 

CI, /PMe,Ph 

/H 
Pt 

Me,PhP’ >C=C 
F3C ‘CI 

-52.8 

J(A-CF3) 12 1.5 HZ 

12761 

well with the coupling of platinum to the vinylic hydrogen, and also, 
apart from the value for L = SbPh,, with J(Pt-CF,) in the 
corresponding methyl complexes. The coupling of the unique 
phosphorus tmns to the C(CF,) : CHOMe group in the tris-phosphine 
complex ( J  9.4 Hz) contrasts with the zero coupling of the two 
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phosphorus atoms cis to the vinyl group, as expected. The lack of 
phosphorus coupling to the CF, group in [2771 is also taken as an 
indication of the trans disposition of the phosphine ligands. (138) 

52 CF, -68.7 
IHzI  ‘ 

Ph,P, ,C=NH 
‘Pt’ 

-76.7 / \ 
CF,CO, PPh, 

[2771 

Compounds [2781 and [2791 are rapidly interconverted at room 
temperature, but separate signals for the two species (illustrated in the 

\ 

1-49.92 

c=c 
CH,B Pd 
/ \ /c’ 

/%H, ‘ /I ‘PMe,Ph 
Me 

J(P-CF;) 6 Hz 
J(CF;-CH:) I 2 HZ 

I2781 

J(P-CF;) < 1 HZ 
J(CF;-CHg 3 HZ 

[ 279 1 
- 5 7 . 5  -50.5 

CFb q ,CF’ 
r 1 4 . 7 ~ ~  I 

/c=c\ Pd /PMe2Ph p 
CH,=CMe Me,PhP’ ‘CI 

J(P-CF!) 7.1 HZ 

[2801 

paper) can be seen at -50°C. (154) Compound [2801, formed from 
[278/91 by the addition of one mole of the phosphine, maintains the 
stereochemistry of [2791; a triplet splitting in the signal due to CFf (2.6 
Hz) may be assigned to coupling either to CH; or to the two phosphorus 
atoms. Vinylic complexes such as 12811 to [2841 are also formed by 
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Ph,P, ,O,CCFS 

J(Pt-CFS) 90 HZ 
J(Pt-CF!) CU. 14 HZ 
J(Pt-CFf) 1 1  HZ 

1281 I 

I2831 

J(Pt-CF;) 84 HZ 

Ph, 

-60.5 
11.6 HZ 

-53.2 

J(P-CF;) 11.6 HZ 

I2841 

electrophilic addition to the appropriate perfluorobut-2-yne-platinum 
(155) or -palladium (156) complex. Parameters for other complexes of 
this type L,Pt(X)[C(CF,):CHCF,l (X = OCOCF,, OSO,H, C1; L = 
PPh,, AsPh,, PMePH,, PEt,Ph; L, = Ph,PCH,CH,PPh,) are very 
similar to those given here for [2811 and [2821, and are tabulated in ref. 
155.* In all cases the CF,-CF, coupling (10-12 Hz) indicates the cis- 
butenyl structure. The cis-complex [28 11 is isomerized in (CD,),CO to 
give the trans-complex 12851. The mercury-containing complex [282], 

J(Pt-CFf) 84 HZ 
J(Pt-CF!) 9 .3  HZ 

[2851 

The values in column I 1  of Table 2, ref. 155 are for J(Pf-O,CCF,). not J(F-H) as printed 
at the head of the column (R. D. W. Kemmitt, personal communication). 
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and its bromo-mercury analogue, show coupling from 199Hg to CF; of 
270-290 Hz. 

The complex formed by the reaction of perfluorobut-2-yne with 
Pd(acac), has been identified crystallographically as [2861, (157) 
confirming the cis disposition of the CF, groups deduced from the 
coupling. Parameters for the perfluorobutyne-nickel and -platinum 
complexes [2871 (158, 159) and [2881, (144) and for the metal- 
lacyclopentadiene complex [2891 (132) are given with the structures. 

J(CF,-CF,) 16 HZ 

D861 

C’ 
L\Ni/I/ 

‘CF, 
L’ \c 

[287a1 L = Me,PhAs 6 -53.2s 
[287bI L = CO 6 -55.3s 
(287~1 L, = (Ph,PCH,), 6 -53.5t 
J(P-CF,) 4.4 HZ 

NHBu‘ 
Et3P\ ,C’ 

Et,P’ ‘c NEt, Pt II 
‘CF, F,C CF, 

J(P-CF,) 1 1  Hz 

12881 

6 -53-2q, J(CF,-CF,) 14.7 HZ 
-55.8m 

J(Pt-CF3) 65 .5  HZ 

E F ,  6-57.0m 

[2891 

Further reaction of j287aI with perfluorobut-2-yne gives [290al for 
which the 19F parameters are given. (159) The analogous complex 
[ 290b1, which has been characterized by X-ray crystallography, (1 60) 
has very similar 19F parameters, and additionally shows J(P-CF:) 11 
Hz. Parameters for the isostructural platinum complex [29Ocl, and for 
the similar complex [2911, in which only one phosphine ligand is 
attached to the platinum, are also given with the structures. In contrast 
to the formation of these cis,truns,cis-metallacycloheptatriene com- 
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dF:? 
-53.82 

J(Pt-CF:) 6 1 HZ 
J(Pt-CF:) 65 HZ 

[290al M = Ni, L = AsMe,Ph; parameters given 
[290bl M = Ni, L = P(OMe), 

6CF: -65.2; 6CF: -56.5, [2911 

[ 290~1  M = Pt, L, = (Ph,PCH,), 
6CF: -55.0, J(Pt-CFl) 39 Hz; 

J(Pt-CF:) 53 Hz, J(P-CF:) 10 HZ 

[292a1 L = Bu'NC 
[292b] L = PMe, 6CF, -52.6, -57.1, -57.2 

plexes, treatment of hexakis(trifluoromethy1)benzene with triungulo- 
[ Pt,(Bu'NC),I gives the cis,cis,cis-metallacycloheptatriene [292al, the 
19F NMR spectrum of which, as of the analogous complex [292bI, is 
temperature invariant. (161) The quartet (12.0 Hz) at 6 - 5 5 - 6  in the 
spectrum of [292al shows platinum satellites [J(Pt-CF,) 120.0 Hzl, and 
is presumably due to CF;; the 12 Hz quartet at 6 -56.5 can be 
attributed to CF:, leaving the quartet at 6-58-7 (J 2.4 Hz) for CF:, 
with the weak coupling presumably not resolved in one of the other 
bands. The structure of [292al has been confirmed by single crystal X- 
ray diffraction. 

Alkyne complexes of platinum have also been prepared from 3,3,3- 
trifluoropropyne, and parameters for compounds [2931 to [2951 are 
given in Table XVII. (15 1) Parameters for the silylacetylene complex 
trans-Pt(PEt,),(Cl)(SiH,C i CCF,), 6 -5 1.3 for the terminal CF, group, 
with 5J(Pt-F) +23-7 Hz and SJ(F-H) 2.2 Hz, were obtained by 
heteronuclear double resonance. ( 162) 
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T A B L E  XVII  
Some 19F NMR parameters for Pt-CECCF, complexes ( 1  5 1) 

[2931 [2941 [2951 

Compound L X 6CF, J(Pt-CF,) J(P-CF3) 

PMe,Ph - -41.3 25.0 3.4 I2931 

AsMe,Ph - -41.2 24.6 - [2931 
12941 PMe,Ph CI -46.9 34.1 3.5 
I 294 I PMe,Ph Me 4 5 . 6  25.8 3.3 

- I293 I AsMe, - -46.8 25.0 

I2951 PMe,Ph - -45.0 21.5 5.6 (frans) 
2. 8(cis) 

The five-co-ordinate tetrafluoroethyleneplatinum complex [ 296 I 
shows a complex AA'BB' spectrum with platinum satellites, the AA' 
part showing quartet coupling to the Pt-CH, group, and the BB' part 

6(F'F2) -132; 6(F3F4) -121 
J(F'*2-CH3) 2.0 Hz, J(Pt-F'*2) 325 Hz, 
J(F3s4-H3) 2.0 H z , J ( P ~ - F ~ * ~ )  185 HZ 

12961 

showing doublet splitting by H 3  of the axial pyrazolyl group. (163) The 
analogous 1,l -difluoroethylene complex [2971 shows similar couplings 
for the two magnetically inequivalent fluorines to methyl and pyrazolyl 
hydrogens and these couplings are attributed to a through-space 
mechanism. Similar five-co-ordinate complexes of hexafluorobut-2-yne 
[2981 and of 3,3,3-trifluoropropyne [2991 have also been reported. 
(164) The trigonal-bipyramidal geometry about the metal is confirmed 
crystallographically for [298al. ( 165) The planar trigonal geometry of 
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H 

6(F1 -106; 6F2 -95 
J(F’-CHJ 2 . 0  Hz,J(Pt-F’) 280 Hz, 
J(F2-H3) 2.5 Hz, J(Pt-F2) 160 HZ 

[2971 /;>p 0 C/CF3 

CF3 
c, 

XB’ 
\NAN 

0 
[298al X = C3H3N2; 6CF3 -56.70,J(Pt-CF3) 66.6 Hz 
[298bl X = H; 6CF3 -67.40,J(Pt-CF3) 65.0 HZ 

12991 

Pt(C2F4)(C2H4)2 [d -123.6, J(Pt-F) 248 Hzl has also been confirmed 
crystallographically. (1 66) Another series of five-co-ordinate complexes, 
containing tripodal ligands MeC(CH,APh,), (A = P, As), is exemplified 
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in structures [3001 to [3021. (134) The quartet splitting in the 19F spectra 
of [300a and cl establishes the apparent equivalence of the three 

[300al M =  N i , A =  P;6-111.4q,J(P-F)46.4Hz. 
[300bl M = Ni, A = As; 6 -107-5s. 
[ 3OOc1 M 1 Pt, A = P; 6-127.0q 
J(P-F) 27.0, J(Pt-F) 293.0 Hz. 

,CF, -96.7 ,CF,-93’ 
MeC(CH,PPh,),Ni I -195.0 MeC(CH,PPh,),Ni I -64.1 

‘CFH ‘CFCF, 
-182.8 

[3011 [3021 

phosphorus atoms, indicating that all three are involved in co-ordination 
to the metal. In contrast to the four-co-ordinate C2F4 complexes such as 
(Ph,P),PtCF,CF,, in which there is a ;ather high barrier to rotation 
about the olefin-metal bond system, as indicated by temperature- 
invariant NMR spectra, both the ‘H and I9F spectra of [300a, b and cl 
were broadened at -100°C. The simplicity of the I9F spectrum of 
[3OOcl also contrasts with the X,AA’X; system shown by the rigid 

m 

CF,CF,Pt(PPh,),. Only the chemical shifts of the multiplets of [3011 
and [3021 are reported ([3011 is unstable in solution in the absence of an 
excess of CF, : CFH), but the CF, group of [3021 is stated to be an AB 

pattern similar to those observed for L , N w F C F ,  complexes. 
The perfluorobut-2-ynenickel complex [ 287bl decomposes at room 

temperature to a Ni,(CO),(CF,C,CF,), species (6(CF,) -53.6(s) and 
-56.9(s)] in which the nickel atoms are arranged in a trigonal pyramid, 
with the CF,C,CF, units co-ordinated onto the three faces of the 
pyramid. (158) Further reaction of this complex with cyclo-octatetraene 
gives (Ni, (CO),(C 8H6)(C F,C,CF,) [ 6(CF ,) - 5 5 - 9 (s)] ,with nickel 
atoms arranged in a triangle between a planar C6H8 group and 
the CF,C,CF, group. Chemical shifts for the bridging acetylene in 
{(~-C,H,)Ni},{CF3C2(CF3)(C2F,),} [-50.3(3), -59-7(3), -75.2(6), 
-105-0(4)1 have also been reported. (107) 

The Pt-N : C(CF,)? complexes [303, 3041 show 19F singlets at ca. 6 
-69, (1 12, 13 1) consistent with a linear Pt-N-C grouping, but trans- 
PtH” : C(CF,),l (PPh,), shows a complex multiplet. The “Ir-complex” 
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[3031 

N:C(CF,), 

[304al L = PhMe,P 
[304bl L, = cod 

[ 3051 in contrast shows coupling to phosphorus and platinum satellites. 
Complex [306], formed by the reaction of CF,CN with truns- 

NH 
(Ph3P)3Pt/ I -62.5d 

‘‘(CF3)2 
J(P-CF,) 12.0 HZ 
J(Pt-CF,) 83 .0  HZ 

Ph,P\ C/cF3 

/Pt-l/l N 
Ph,P 

J(P-CF,) 6 .7  HZ 
J(Pt-CF,) 57.3 HZ 

[3051 13061 

stilbenebis(tripheny!phosphine)platinum has been shown crystal- 
lographically to be almost planar. (138) The doublet P-CF, splitting is 
presumed to be due to the truns phosphorus. The CF, group resonance 
in 5-trifluoromethyltetrazolepalladium complexes L,Pd(tet), has been 
used as a probe to study cis-trans and linkage (NI- us N2-bound) 
isomerism in the complexes at a range of temperatures. (167) 

The phosphorusXF, coupling constants are increased in the 
complexes [3071 to [3091 compared with the free ligands, as expected, in 

[307al 
1307bI 
[307Cl 
[307dl 
[307el 
1307f1 

1308al 
1308bl 
[308cl 
308dl 

[308e1 
[ 308fl 
1308g1 

LNi(CO), 

6 
-52.8 
-56.2 
-64.1 
-61.9 
-57.4 
-57.0 

L,Ni (C 0), 

6 
-53.6 
-57.5 
-64.0 
-61.6 
-56.6 
-6@-6 
-63.8 

J( P-C F,) 
63 
77 
80.8 
73.6 
89 .0  
73 

J(P-CF,) 
6 0  
75 
82.4 
74.5 
90.6 
75.9 
59.8 
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(CF,);Pl Ni(CO),L 

L 6CF4 J(P-CF4) 6CFaj J(P-CFY) 
I309al (CF,),PMe -63.1 80.0 -57.3 89.3 
1309bl (CF,),PEt -60.3 75.1 -57.2 85.8 
1309cl (CF,),PBu' -60.4 75.4 -57.0 85.8 
l309dl CF,PEt, -63.4 64.0 -58.0 91-4 

accord with the observations on the cobalt complexes, e.g. [220, 22 1 I .  
(1  16, 168, 169) The parameters reported are given with the structures. 
The spectra of the tertiary phosphine complexes [307e, 308c-g, and 
3091 were used to study equilibria ( l t ( 3 ) .  

(1) 

(2) 

(3) 

The spectrum of [307fI showed the presence of 10% of the known 1- 
(CF,),PB,H,Ni(CO),, (1 70) formed by isomerization of the phosphine 
ligand in situ. (169) The trigonal complex (PPh,CF,),Pt shows only a 
broad hump (6 -61.6 1) at 33OC, (171) which first of all starts to show 
fine structure as the temperature is reduced, but which rebroadens below 
-5OOC. These observations suggest that phosphine exchange is rapid at 
+3OoC, and is slowed down on reduction of the temperature, but below 
-5OOC a further process, perhaps a rotation, is being frozen out. The 
spectra in the presence of free CF,PPh, were also examined over a range 
of concentrations and temperatures. At room temperature the mixtures 
gave a doublet [J(P-CF,) 73 Hzl with a chemical shift the weighted 
average of the phosphine and Pt(PPh,CF,),, but below ca. -60°C the 
spectra, which are illustrated in the original paper, also show signals due 
to Pt(PPh,CF,), and another, as yet unidentified, species. 

The reaction of HCl with the phosphine complex [3101 gives as 
product a mixture of the cis- and trans-palladium complexes [3 1 11 in 

2LNi(CO), = L,Ni(CO), + Ni(CO), 

[(CF,),Pl,Ni(CO), + L = [(CF,),PJLNi(CO), + (CF,),P 

[(CF,),P]LNi(CO), + L = L,Ni(CO), + (CF,),P 

[ 308el I309 I 

[308d, f, g1 

Ph, 
CI\ /P-C=CCF, 

Pd 
CI' 'P-C=CCF, 

Ph2 

r 1 

2 

13 101 
[311al ligandscis,6-67.3rn 
131 lbl ligands trans, 6 -77.3 
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which the CF, group and chlorine were shown to be cis by X-ray 
crystallography. (1 72) Parameters for some other complexes also 
derived from [3101 are given with structures [3121 to [3141. Rather 

[3 13al L = PPh,OH; 6 -75.83s 
[3 13bJ L = PPh,OEt; 6 -73.46s 

I3 141 

surprisingly, neither the P-CF, nor the H-CF, couplings were resolved. 
The 19F spectrum of [313, R = Et] shows two singlets (6 -75.34, 
-75.83) with intensity ratios 1 : 3, which are attributed to isomers with 
the phosphorus ligands trans and cis(major) around the metal. Complex 
[3151, its platinum analogue (for which NMR parameters are simply 
stated to be similar), and the complexes [3161 are the first examples of 
phosphinoacetylene 7c-complexes of Pd(0) and Pt(0); (173) the 
structure of [3 16al has been confirmed crystallographically. The 
multiplets reported for [316a and bl (b showing 195Pt satellites) are 
apparently the X parts of deceptively simple X,AA'XS systems. 

Ph, Ph2 -45.2d Ph, 

\ /  \ /  
F,CC-CP P-C=CCFf; Ph,P P - - C = C C F ,  

-45.1 s 

F,CC=C-P PPh, 
Ph, Ph2 Ph2 

J(P-CF;) 5.7 HZ 

13 151 

[316a1 M = Pd; 6-45.4m 
[316bI M = Pt; 6 -49.9m 



98 R. FIELDS 

Complexes of perfluoropinacol with nickel [3171 show a single peak 
in the range 6 -70.6 to -71.3, (174) with the exception of [317, L, = 
Me,AsCH2CHButCH,AsMe21, for which the singlet is at 6 -73.0. (1 75) 

-67.4 

L O-C(CF,), 

.CF, 

ortho-F -132.6, -133.4 13171 L = Et,P, Me,PPh, MePPh,, Ph,P, 

(EtO),P rnefa-F -164.2, -166.9 
L, = diphos, bipy, TMED, TEED para-F -157.4 

[3 181 

The analogous bis(triethy1phosphine)palladium complex also shows a 
singlet at 6 -71.0. (127) The nickel complex [3 181 of (+)-perfluoro(2,3- 
diphenylbutane-2,3-diol), like the free diol (both meso and DL isomers) 
shows five inequivalent aromatic fluorines, due to hindered rotation of 
the C,F, ring. Since the inequivalence persists in the complexes, the 
hindrance cannot be due to hydrogen bonding. (1 74) 

The nickel trifluoroacetates NiL,(OCOCF,), (L = p-, y-picoline, p, y- 
ethylpyridine) undergo slow cis-trans isomerization at room tem- 
perature (in contrast to the cobalt complexes, see p. 69), the major 
isomer in each case absorbing in the range 6 -25 to -34, and the minor, 
sometimes not detectable, in the range 6 + 10 to +20. (176) 

19F parameters for a wide range of palladium and platinum complexes 
containing the SCF, group are reported in refs. 122, 177-179. The 
chemical shifts lie in the range -19.7 to -27.5 for both mononuclear 
[3 191-[3211 and dinuclear [3221 complexes. The nickel complex trans- 

[3191 [320l M = Pd, Pt [3211 M = Pd, Pt 
L = PPh, X = C I , H  

Ni(SCF,),(PPh,), has 6 -43.3, (122) but the dinuclear [(n- 
C,H,)Ni(SCF,)I,, taken to be the syn isomer, has 6 -27.7 (24) 
Coupling to cis-phosphorus is small (1-3-5 Hz), but in the range 5-1 1.5 
Hz for J(CF,-P trans). The presence of the geometrical isomers [322a 
and b] was shown by the appearance of two sets of signals, with 
different intensities, in several cases. The dinuclear platinum complexes 
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c y 3  

L 

[322al 
[322bl 

showed 1 : 8 : 18 : 8 : 1 quintets due to the presence of 2, 1, or no Is5Pt 
nuclei in the complex. For a wide range of platinum complexes, J(Pt-F) 
for the SCF, group is shown to correlate linearly with other measures of 
the trans influence of anionic and neutral ligands [e.g. 2J(Pt-H), 2J(Pt- 
F)l, and the inverse correlation between cis- and trans-influences of 
anionic ligands (4) is derived. 

(4) 

(where J(Pt-Fcis) is the platinum-fluorine coupling in the complex with 
the anion cis to the CF, group and J(Pt-F,,,,) is the corresponding 
coupling in the isomer with the anion trans to the CF, group). (177) 

Nickel and palladium dithiophosphinates M[S,P(CF,),I, (M = Ni, 

Hz) are formed when dithiophosphinic acid is refluxed with metallic 
nickel or palladium dichloride respectively but the corresponding 
reaction between the acid and platinum dichloride gives a “sulphur- 
deficient” complex for which the 19F signals, illustrated in the paper, are 
assigned as shown with formula 13231. (180) The band at 6 -71 is a 

3J(Pt-F,,s) = -0~25[3J(Pt-F,,,,)] + 92 

Z F ,  -59.6, J(P-CF,) 109 Hz, M = Pd, XF,  -71.5, J(P-CF,) 108 

(CF,),P/’\ 
‘S’ 

simple doublet, J(P-CF,) 109 Hz, and is assigned to the normal 
bidentate ligand units in view of its similarity to the signals for the nickel 
and palladium complexes, but the other band, centred at 6 -59 is more 
complex and the authors suggest that it is the X part of an X,AA’XL 
system, with platinum satellites. 
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G. Copper, silver, and gold 
The reaction of MeAuL (L = PMe, or PMe,Ph) with trifluoro- 

iodomethane gives a mixture of cis- and trans- isomers [3241 and [3251, 
the proportions depending on the solvent used and on L. (1 8 1) As usual, 
coupling of the CF, group to the trans-phosphine (in [3241) is 
considerably greater than to the cis-phosphine (in [3251). 

L= PMe,; 6CF, -33.6 L = PMe,; 6CF, -31.5 
J(P-CF,) 66 HZ J(P-CF,) 7.2 HZ 

I3241 [3251 

Parameters for some products of insertion into the Me-Au bond of 
MeAuL (L = PPh,, PMePh,) are given with structures [3261 and [3271. 

-100.5 -102.8 
Ph,PAuCF, CF, CH, 

127 H Z I I ~ " ~ ~  

J(P-FP) 3 HZ 

-68.0 
,CF, 

Ph,PAuCF -194.5 
\ 

CF,CH, 
-91.2 

[3261 13271 

(182) The small difference between the chemical shifts for a- and P-CF, 
groups in [3263 and in the corresponding complex containing PMePh, 
(for which parameters are very similar) is noteworthy; fortunately, the 
couplings to the methyl group establish which signal corresponds to the 
p-CF, group. In the corresponding complexes formed from hexa- 
fluoropropene, although it was clear from the spectra that only one 
isomer had been formed in each case, the couplings in the I9F spectra 
could not be resolved, but the methyl 'H signal was a 20 Hz triplet, 
establishing the structures. The pairs of complexes from hexa- 
fluoroacetone [3281 and its hydrate [329] absorb at ca. 6 -81 and ca. 6 

CF3 
I 

I 
CF3 

LAuO-C-AuL 

13281 L = PPh,, PMePh, (3291 L = PPh,, PMePh, 
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- 54 

-74.4s 
CF,CO,AuPPh, 

I3301 133 11 

-83 respectively, and the trifluoroacetate [3301 has also been prepared. 
The spectrum of the complex [33 11 obtained from hexafluorobutyne 
shows a poorly resolved X,AA’XS spectrum and only the phosphorus- 
phosphorus coupling (ca. 50 Hz) could be obtained. 

The product of the reaction of MeAuPMe,Ph with perfluorobut-2- 
yne shows an unsymmetrical multiplet at 6 -52.4, indicating that the 
two CF, environments are different. It was originally (183) thought to 
have a bridging acetylene structure, but subsequent work has shown the 
structure to be 13321 (184) in which the two gold atoms are in different 
oxidation states. 

PhMe2PAuMe2 ,AuPMe,Ph 
\ 

F ,c/‘=‘ \c F , 
13321 

The reaction of silver salts with perfluoro-olefins in the presence of 
fluoride ion gives rise to perfluoroalkyl derivatives of silver [3331 to 
[3361. (185) Silver fluoride also reacts with perfluorobut-2-yne to give 
[3371, useful as a synthetic intermediate. (8) Coupling to silver can be 
observed in the spectra of [3331, [3341 (satellites from both lo7Ag, given 
with the structure, and lo9Ag were reported only for this compound), 

(C FJ,C Ag (c[3)2cF917.9 HZ CF,CF CI Ag 
- 5 3 . 5  -69.0 -215.4 

1 *% 113.5 Hz I 
12.0 HZ 

13331 13341 [335 I 

13361 -70.0 

J(CF,-CF,) 1.7 HZ 

13371 
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and [33 5 1 at room temperature in dimethyl-formamide, coalescence 
occurring at 6OoC in this solvent for [3331. In 1,2-dimethoxyethane 
other signals, which appear to be solvent- and temperature-dependent, 
also showing coupling to silver, are observed in addition, and are 
thought to be due to the presence of complexes of the perfluoroalkyl- 
silver with different numbers of solvent molecules. The spectrum of 
perfluorocyclobutylsilver is reported to be complicated both by 
couplings to silver and also by an equilibrium between the silver 
compound and perfluorocyclobutene and AgF. No coupling to silver is 
observed at +34"C in the spectrum of [3361, suggesting that this is 
undergoing metal exchange (i.e. is a more ionic compound). The 
spectrum is broadened at -llO°C, but even at this temperature no 
coupling to silver could be resolved. 

The reaction of [3331 with sulphur gave (CF,),CSAg (6 -67.8, s), in 
which no coupling to silver could be detected. 

IrI. FLUOROAROMATIC AND FLUOROHETEROAROMATIC 
DERIVATIVES 

Although a considerable volume of work on fluoroaromatic 
derivatives of transition metals has been reported in the period under 
review (see, e.g. ref. 186), comparatively few reports contain any 
mention of 19F NMR parameters. 

Chemical shifts for the single fluorine in meta- and para-fluorophenyl- 
and para-fluorobenzyl derivatives of cobalt complexes, e.g. [3381 and 
[3391 have been used to estimate the electron donor properties of the 
metal(1igands) group, and to study the effects of change of X and of the 
ligands. (187, 188) Cobalt(II1) in [3381 appears to be a strong donor, 

6 CH2 

0 --- f --HO 

\ 
OH---d 

[3381 13391 
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and although somewhat poorer as a o-donor than -Pt(PEt,),X, stronger 
as a n-donor. (189) Similar studies of (fluorobenzene)chromium 
tricarbonyls [3401 and of bis(fluoroarene)chromium complexes [34 1 I 

F e F x  
I 

Cr 
c0’c;Co 

I3401 

I 
Cr 

I .ex 
13411 

are also reported. (190, 191) The electron-withdrawing effect of the R 

bonded chromium in (C,H,FX),Cr is related to that of the correspond- 
ing fluorine in C,F,X by the equations: (191) 

Az(comp1ex) = 0-76[A:(C6F,X)l + 55.7 
AL(comp1ex) = 1-94[A~(C6F,X)l - 154.6 
A,F(complex) = 1~18[A~(C,F,X)I - 22.2 

CF, group signals are shifted to higher frequency (by some 5-7 ppm) on 
complex formation compared with that of benzotrifluoride. Transmis- 
sion of resonance effects in the chromium tricarbonyls [3401 is very 
similar to that in the free arenes, but the shifts in the complexed metu- 
fluoroarenes are all very similar 16 -135-3 to -136-7 for substituents 
ranging from CF, to NH,], suggesting that transmission by inductive 
effects have been markedly reduced. (190) The I9F NMR spectrum of 
(C,F,)Cr(PF,), shows a shift to low frequency (to 6 -184.2s) for the 
complexed C6F6 group; the PF, groups appear as a doublet [+6.1, 

Chemical shifts for C6F,M and C,F,X,-,M derivatives (where M is a 
transition metal group directly attached to the fluoroaryl ring) are 
summarized in Table XVIII and with structures [3421 to [3511. (193- 
200) Compounds with heteroaromatic rings directly attached to the 
metal are included here. 

Oxidative additions to [3421 give complexes in which all five fluorines 
of the C,F, group are inequivalent, presumably because of restriction of 
rotation about the Ir-C bond by the flanking PPh, groups (see also p. 
98). The analogous complexes with the smaller PMePh, ligands instead 
of PPh, show only the usual three bands for the C6F, group. The spectra 
of [3431 are illustrated in ref. 193; the coupling constants for 13431 are 

‘J(P-F) 1315 Hz]. (192) 



T A B L E  X V I I I  e 
0 
P Some 19F Chemical shifts for (C,F,Y,-,)M derivatives 

6F2 

-114.8 
-107.5 
-114.1 
-109.8 
-117.3 
-100. I 
-99.5 

-103.3 
-100.1 
-101.8 

-95.8 
-100.5 
-102.3 
-100.1 

-94.9 

- I  10.0 
-96.3 

-104.8 
-104.8 
- 1  12.8 
-115.4 

-76.9 

6F3 

-165.1 
-164.0 
-164.4 
- 162.0 
-164.5 
-164.5 
-164.4 
-163.5 
-164.8 
-163.2 
-162.9 
-165.0 
-165.0 
-159.8 
-i62.3 or 
-163.9 
- 166.0 
-165.2 
-137.1 
-137.1 
-139.3 
-144.6 
- 

-59.8 

6F4 

-165.1 
-164.0 
-164.4 
-157.5 
-164.5 
-163.2 
-163.1 
- 162.0 
-163.1 
-161.4 
-161.1 
- 166.0 
-166.0 
-162.0 
-162.3 or 
-163.9 
-162.0 
-161.5 
- 

- 

- 

- 

- 

- 

6F5 6F6 Ref. 

-165.1 
-164.0 
-164.4 
-162.0 
-164.5 
-166.0 
-165.5 
-164.5 
-165.9 
-164.1 
-164.3 
-165.0 
-165.0 
-163.0 
-162.3 or 
-163.9 
-166.0 
-165.2 
-137.1 
-137.1 
-139.3 
-144.6 
-137.1 

-76.6 

- I  14.8 
-107.5 
-114.1 
-109.8 
- 1  17.3 
- 1  12.2 
-108.8 
- 108.6 
-112.1 
-104.0 
-100. I 
-100.5 
-102.3 
-102.9 
-101.6 

- 1  10.0 
-96.3 

-104.8 
-104.8 
- I  12.8 
- 1  15.4 

-96.5 
-135.2 

193 
193 
193 
193 
193 
193 
193 
193 
193 
193 p 
193 
193 F 
193 a 
193 
193 

193 
193 
197 
197 
197 
197 
197 
198 

' CF:CF,  group, 6 -95.8, -124.9, and -152.0. 'One isomer is from Ir(C,F,)(CO)(PPh,), + CI,, the other from Ir(C,F,)(CO)(PPh,), + 
C,F,COCl, but the footnotes in ref. 193 are scrambled. 'Two isomers, stereochemistry not determined. dCF,C2CF, group, -51.1 qd 
(J(CF3-CF3) 5.5,J(CF3-F2) 26.0 Hz), -5 1.8 q. 
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H 
PPh, OC I PPh, 

Ph,P’ ‘C6F5 Ph,P’ I ‘C6F5 
‘ Ir’ oc\ / 

Ir 

(3421 
C1 

J(2-3) 26*0;5(2-5) 9.0; 
J ( 3 4 )  20-0;J(3-5) 3.5; 
J(3-6) 7*0;J(4-5) 20.0; 
J(5-6) 28.5; J(2-H) 6 HZ 

13431 

(n-C5H5)UC6F5 Fx‘ Fx 

6-152.6 (2), -163.0 (2), -179.4 (1) FAIQFA 

I344 1 
(0 C), Fe-Fe( C 0), 

6F -131.72, -156.76 (-159.94) 
J(A-X) f 23-65; J(A-X’) T 0.85 
IJ(A-A’)I 16.85 Or 16*35;IJ(X-X’)I 16.35 Or 16.85 HZ 

[345 1 

- I  18.2 -160. I -142.8 -158.4 
F F  F F  

1346al R = -@-OMe, R’ = a O M e  

‘R F F  F F  

-118.1 -160.1 

[346b1 R = &OM,, R‘ = H 

F F  
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-162.3 -147.9 
F F  

- 1  15.8 
-142.5 

F F  -156.7 
F F  - 167.1 

[3501 [35 11 

given with the structure, and similar values for the HBr, Cl,, Br,, and I, 
adducts are given in ref. 193(a). 

The signals in the spectrum of the highly air-sensitive [3441 were not 
assigned, but both of the two-fluorine signals are well to low frequency 
of the usual range for fluorines ortho to metal. The ‘H signals of the 
corresponding a-bonded alkyl derivatives (n-C ,H,)UR are also shifted 
considerably to lower frequency [R = (CH,),CH, 6CH, -19.3, 6CH 
-190 from internal benzene]. (194) The authors suggest that the large 
value ofJ(A-A’) in the spectrum of [3451* and its similarity to J ( X - X ’ )  
may be peculiar to transition-metal derivatives. (195) Parameters for o- 
phenanthrolinenickel complexes [346, R = C,F,OEt-p and R’ = R or 
HI and also for the corresponding 2,2’-bipyridyl complexes [R‘ = HI 
are almost identical to those given with structure [3461. (196) 

Parameters reported for other fluoroaryl compounds in which the 
transition metal is not directly attached to the aromatic ring are given 
with structures [3521 to 13721. (115, 121, 201-203, 205-207) The 
structure of the hexafluoroacetone adduct [3531, for which four signals 
in the aromatic region are reported, is not known. (1 15) The WF,O 

*The shifts for this compound are reported as -2637.9 Hz and -520.0 Hz from external 
C,F, at 84 .6  MHz in the experimental section o f  the paper, but the latter shift is given as -250.0 
Hz in the discussion section. 
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C6F5 
/N--N 

Ni II L, 

L’ \N,N 

C6F5 

L o r  L, 8F2,F6 6F3,F5 6E4 J(2-3) J(3-4) J(2-5) J(3-6) 
cod -147.5m -156.9m -163.0m 
PMe,Ph -146.0 -162.0 -165.2 24.0 22.0 7.0 7-0  
P(OMe), -148.0 -161.0 -166.1 17.0 21.0 5.0 5.0 

[3521 

C6F5 

-84.0 

C6F5 
6-152.0, -161.2, -162.2, -165.0 

[3531 

J(Fax-Feq) 
64.73 Fortho -126.5 +119*87 + 132.0 1 

‘,eta -108.02 + 120.54 +129*12 64-56 
Fpara -106.11 + 116.19 + 127.67 64.58 

8C6H,F s a x  =e, 

(3541 

A 

U 
F F  

- 15 1 .34a - 160.22’ 

-209.0 -192.9 

8F,, + 145*04,8F,, + 141.49 J(2-4) 1.9 HZ 
J(2-4) 1.25 HZ 

“These values are stated to be measured from 
C,F, and converted on the basis that C,F,absorbs 
163.0 ppm to high field ofCFCI,. (201) 

[355 l  

13561 
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-136.8 F BE- 
co &' *. F ' '::CuPPh, 

/Re\ ' 
Ph3P co I '<; C ,F , 

[3571 

(n-C5H5) 
,158.2 R~ -141.75 -165.05 

c' 'c, F F  

ph,pbu CuPPh, F F 

,>C@F -160.75 

F-162.15 

F -165.5 

oc' I \co 
Ph,P C PPh, PPh, 

[3601 C6F5 

6 - 137 (2), - 160 (l) ,  -164.5 (2) Total int. 4 
6-134.5 (2),-159 (1),-163.5 (2)Totalint. 1 

13591 

-142.9 -166.3 

I3621 
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a M = C o  6-134-8 (2)-140.5 (1)-141.5 (1)-158.0 (4) 
M = Rh 6-130.3 (2) -138.8 (1) -140.0 (1) -154.3 (2) -156-3 (2) 

b M = CO 6 -137.6 (2) -140.7 (2)-153*4 (4) 
M = Rh 6-134.4 (2) -139.9 (2) -155.0 (4) 

c M=C06-131.1 (2)-139*9(2)-159*4(4) 
M =  Rh 6-131.4 (2)-137*9 (2)-153.1 (4) 

H H  

F' F6 
M m *,F6 6F3,F5 6 F 4  
Mn (C 040 -150.4 - 16 1.07 -155.0 
Re(CO),b -150.39 -161.33 - 154.73 
Pd(n-C 5H5) -148.4 -160.9 -155.0 

" 5 ( 3 - 4 ) 2 1 ; J ( 2 - 4 ) 0 H ~ . ~  5(3-4)21*0,5(2-4) 3.2 Hz. 
[3653 

-116.0 -165.6 

/ 
\ F F  

'O,CC,F, 

6 -5 1.2, J(P-CF3) 3.0 HZ 
J(Pt-CFJ 27.5 HZ 

13701 

r 1 

L J 2  

Ar = C6H4Fp 6 -1 14.3,J(F-H) 5.4,8.4 Hz 
Ar = C6F5 6 F2J' 138.3, F3*' 164.3, F4 159 

[3711 
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Mn(COCH,C,F,)(CO), 

6F2F6-145.8,F3F5 -167*1,F4-160*0 

[3721 

group shows strong electron withdrawal by an inductive effect when 
attached to a C,H,F ring [3541, and electron withdrawal by the WF, 
evidently overcomes the usual resonance release by oxygen, since the 
derived value of a: is +0.065. (201) Attachment to a C,F, ring, 
however. [3551, leads to a considerable reduction in the inductive 
withdrawal, and the a: value of >-O.l shows that in this situation the 
group is a resonance donor. Similar chemical shifts were reported for 
[3551 by other authors, (202) who also obtained products of the type 
WF,(C,F,),-,, but the complicated nature of the mixture did not allow 
assignment of the individual C,F, groups. The eight-co-ordinate 
complex [3561 was prepared in order to investigate the possibility of 
stereoisomerism in this type of compound. (203) No stereoisomers were 
detected, however; the broadening of the 19F spectrum (observable 
below OOC, severe below -6OOC) was ascribed, like that in the 'H 
spectra of all the M(S2CNR,), complexes.investigated previously, to the 
quasi-spherical symmetry of these molecules and a low rate of molecular 
tumbling at low temperatures. 

Contact shifts for 19F (and 'H, I3C, and 14N) have been measured for 
the complexes Ni(acac),(An), (acac = acetylacetonate, An = ortho-, 
meta-, and para-fluoroaniline, 2,4,6-trifluoroaniline, and pentafluoro- 
aniline). (204) The hypefine coupling constants derived from these 
measurements are in good agreement with those obtained by ESR, 
confirming that the unpaired spin density on the aromatic ring is 
delocalized in a manner similar to that of aromatic z-electron radicals. 

The I9F NMR spectra of [3571 and [3581 each show the presence of a 
single type of C,F, group, (205) with the parameters shown, but for 
[359], two types, with intensity ratio 4 :  1 are observed. (206) The 
reaction between (z-C,H,)M(CO), (M = Co, Rh) and pheny1(2,3,4,5- 
tetrafluoropheny1)acetylene gives three isomers of formula (z- 
C5H,)M[C,(C,F,H),Ph2CO], presumed to be the positional isomers 
[3621 to [364], but distinction between them has not yet been achieved. 

The platinum complex formed in the reaction between C,(CF,), and 
tris(triethy1phosphine)platinum shows only a single band at 30°C [6 
-51.2, J(P-CF,) 3.0, J(Pt-CF,) 27.5 Hzl, which must result from 
fluxional behaviour in solution, since X-ray crystallography shows the 
structure of the solid to be as in [3701, with alternate long and short 
bonds in the non-planar C, ring. (159, 160) At -9OOC the spectrum 

(207) 
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shows two 
analogous 
19F signal. 

unresolved multiplets (6 -47.7, -52.5)  in the ratio 1 : 2. The 
nickel complexes [Ni( C,(CF,),)L,] also show only a singlet 
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I. INTRODUCTION 
During the past four years a considerable body of published work has 
appeared relating to nitrogen NMR. Significant developments have 
occurred in all the areas of investigation on which we reported 
previously. ( la ,  2a) These developments are due to improvements in 
experimental techniques and instrumentation as well as to an increased 
awareness of the utility of both I4N and 15N nuclei in NMR 
spectroscopy. 

In many ways the information available from NMR studies on these 
two isotopes is complementary. Although 14N is by far the more 
common, in natural abundance, it has an electric quadrupole moment 
while the less abundant 15N nucleus does not. Thus the I4N nucleus has 
been more frequently used in chemical shift studies on natural 
abundance samples as well as in quadrupolar relaxation investigations. 
The larger magnetogyric ratio of the 15N nucleus, together with its 
sharper lines, renders it more suitable for studies involving spin-spin 
coupling constants in addition to those on the less efficient nuclear 
relaxation processes. 

It is our aim in this report to bring up to date those we presented four 
( la)  and six (2a) years ago, to which extensive reference is made. For 
comparison purposes some mention of earlier work is made where 
appropriate. 

11. THEORY OF NITROGEN SCREENING CONSTANTS 
It is not reasonable to expect of any theoretical treatment of nuclear 

screening constants that it exactly reproduces experimental values. 
Theoretical estimates are usually based upon an isolated molecule as a 
model. In contrast to this many experimental values are reported for 
liquid samples in which solvent effects may be present. Additionally the 
experimental results may be in considerable error, this being especially 
true for broad resonances. However, even if solvent effects and 
experimental errors are eliminated the observed relative screening 
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constant may depend upon the relative populations of rotational and 
vibrational levels of the molecule. In this case the screening may differ 
by several ppm from that calculated for the equilibrium molecular 
geometry. (3) 

It is well known that the early treatment of nuclear screening, 
presented by Ramsey, (4-6) suffers from a number of drawbacks. (3, 7- 
10). These include the occurrence of diamagnetic, d, and paramagnetic, 
up,  terms which become almost equal and opposite in sign for medium 
sized molecules, leaving the resultant screening as the relatively small 
difference between them. 

Another difficulty arises from the necessity of summing over all the 
excited states of the molecule, including the continuum. In general little 
is known about such states for most molecules. In addition, Ramsey’s 
formulation produces screening data which depend upon the choice of 
origin, i.e. are gauge dependent, unless a complete basis set of atomic 
orbitals is included in the molecular orbital description. This is rarely 
possible, even for diatomic molecules, without the use of large amounts 
of computer time. 

A. Ab initio calculations 
Various forms of Hartree-Fock perturbation theory have been 

applied to the calculation of nitrogen screening constants within the 
framework of Ramsey’s treatment. These avoid the difficulties 
associated with the infinite summation over excited states by restricting 
the summation to states described by the molecular orbitals used in the 
calculation. (1 1-14) 

The value of ud for the nitrogen atoms in pyridine and pyrazine have 
been obtained by means of Gaussian lobe SCF functions, but no suitable 
experimental data are available for comparison purposes. (1 5 )  

The nitrogen atom in ammonia has been considered in several ab 
initio calculations of nuclear screening (Table I). Where STO-SG refers 
to a minimal basis set of 5 Gaussians used for each Slater type orbital, 
LEMAO-5G is a similar minimal basis where the orbitals are found by 
minimizing the energies of the isolated atoms. SAMO is a minimal basis 
set found from Slater’s rules, (24) BLMO differs from SAMO in that the 
exponents used are optimized for ammonia. In the slightly extended 4- 
31G set the valence shell of nitrogen is described by inner and outer 
parts which are represented by 3 and 1 Gaussians respectively, and the 
extended DZMO set uses double zeta functions for the nitrogen orbitals. 

The theoretical results presented in Table I approach more closely to 
the experimental data, obtained from spin-rotation results, as the size of 
the basis set increases. The best agreement is afforded by the 
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T A B L E  I 

Some cakulatcd values of the nitrogen screening, in ppm, in NH, 

a U P  d0t.l Basis set used Reference 

353.6 
356.0 
354.0 
354.1 
353.7 
355.0 
350.63 
350.58 
360.1 

-177.4 
-173.0 
-162.0 
-157.3 
-109.5 
-101 .o 
-78.29 
-78.23 
-89.7 

176.2 
183.0 
192.0 
196.8 
244.2 
254.0 
272.34 
272.35 
270.4 

STOJG 
SAM0 
BLMO 
LEMAO-5G 
4-3 1G 
DZMO 
32 STO 
32 STO 
Spin-rotation data 

Origin taken at centre of mass. 
Origin taken at the nitrogen atom. 

cOrigin taken at 0.0133 a.u. from nitrogen along the C, axis towards the protons to give 
the best gauge result. 

calculations of Arrighini et al. (13) who used a basis set comprising 32 
Slater type orbitals for ammonia. The small gauge dependence of these 
results reflects on the fact that they were, obtained by means of a large 
basis set. 

In general a carefully optimized set of Slater orbitals, approximately 
three times as large as the minimal set, is necessary to give results within 
a few percent of the experimental data. This tends to restrict ab initio 
calculations to small molecules. However, even if exact eigenfunctions 
were used to calculate u within Ramsey’s treatment, a change of gauge 
would still produce changes in the values of ad and up.  Consequently 
comparison of ad and up data evaluated at different origins must be 
made with considerable care. 

In NMR spectroscopy the main interest is in relative screening 
constants i.e. chemical shifts, both for different nuclei in the same 
molecule and for nuclei in different polyatomic molecules, rather than in 
absolute screening constants. A theoretical approach which gives gauge 
dependent results leads to difficulties when relative screenings for 
various nuclei are to be compared. 

Chemical problems are usually related to larger molecules than 
ammonia for which only limited basis sets are practical such that u 
becomes gauge dependent when obtained within the framework of 
Ramsey’s method. Consequently this method is not very attractive as a 
means of calculating chemical shifts for most chemically interesting 
molecules. 

The shortcomings of Ramsey’s approach can be obviated by taking a 
linear combination of gauge dependent atomic orbitals to represent the 

- 
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requisite molecular orbitals, as discussed by Pople ( 18), which give gauge 
independent results. In this method u may be expressed as the sum of 
local, nonlocal and interatomic contributions. (1 8-2 1) 

The various diamagnetic and paramagnetic terms in equation (1) are 
not directly comparable to those terms bearing these names in Ramsey’s 
theory. 

The local terms utC and oLc arise from electronic currents localized 
on the atom containing the nucleus of interest. Similarly ~ o n l o c  and 
u~onloc are contributions from currents on neighbouring atoms. (2 1) 
Finally, ofnter and upnter are due to any non-localized currents between 
atoms in the molecule, e.g. ring currents, these usually produce a very 
small screening contribution, a few ppm at most. This is a negligible 
amount compared with the range of about 900 ppm exhibited by 
nitrogen chemical shifts. 

Within the gauge dependent molecular orbital framework various 
levels of approach to the terms in equation (1) are possible. These differ 
in the choice of basis functions and the method of evaluating or 
approximating the necessary integrals. As is the case with Ramsey’s 
method, limited basis set ab initio calculations have been performed on 
some small molecules. Ditchfield (2 1) has reported gauge dependent 
molecular orbital ab initio results for the nitrogen atoms in NH, and 
HCN. He employed the STO-5G, LEMAO-5G and 4-31G basis sets 
and obtained values of u for the nitrogen in NH, as 309.3, 310.2 and 
267.8 ppm respectively (cf. Table I). Similarly for HCN the calculated 
values are 42.8, -50.3 and -40.6 ppm compared with the experimental 
value of -37.0 ppm. (16) It is clear that the extended 4-31G basis set 
gives better agreement with experimental data than do the two minimum 
basis sets of functions. Thus, as in Ramsey’s method, the best ab initio 
results are obtained with extended basis sets; however, the gauge 
dependence problem has been removed. 

Since the number of integrals to be evaluated increases rapidly with 
molecular size, semi-empirical calculations are more practical at present 
for larger molecules. The most widely used semi-empirical approach is 
based upon Pople’s theory (22, 23) of molecular diamagnetism within 
the independent electron framework. All explicit two electron terms 
become zero in this method. Thus the necessity of evaluating many 
integrals is avoided and the remainder can be approximated by the 
methods implicit in all valence electron molecular orbital calculations. 
(24) 
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B. Semi-empirical calculations 
The resulting gauge independent expressions for the local diamagnetic 

and paramagnetic contributions to the screening of nucleus A ,  where a 
and p are labels for the Cartesian components x, y and z,  are given by: 

and 

( ‘u,‘~k - ‘Uj ‘ w k )  (‘Aj‘uk - ‘oj ‘ A k )  

x ( P l r 3 ~ ,  I v ) ( A I L p l  0) (3) 

In equation (2) a,, is the Kronecker delta, which is unity if a = p 
otherwise it is zero, r refers to the separation between nucleus A and its 
surrounding electrons and P is an element of the charge density-bond 
order matrix defined by: 

occ 

i 

where the C‘s are the unperturbed LCAO coefficients 

(4) 

of the atomic 
orbitals p, v,  A, u in the occupied and unoccupied molecular orbitalsj 
and k, with energies E and Ek, respectively. 

containing nucleus A such that p # v and the sum C, is over all nuclei in 
the molecule including A .  The matrix elements involving the angular 
momentum operator, L,  are one centre in character and are given in 
units of h/i .  

Experimental data taken on solids and liquid crystals can provide 
information on the diagonal components of the screening tensor and its 
anisotropy, Au. For linear and symmetric top molecules 

In equation (3) d is a summation over all orbitals on the atom 

AU = u,, - u1 ( 5 )  

where u,,  refers to the screening along the major molecular axis and uI is 
that in the direction perpendicular to it. The average value of u is then 
given by 

u =gull + 2UJ ( 6 )  
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For less symmetrical molecules Au may be defined as: 

= o,, - i(upp + uvv) (7) 

where the u,i)s are the three diagonal tensor components taken in 
accordance with the convention u,, 2 upp 2 uvv in this case the average 
value is obtained from: 

0 = 3<0,, + upp+ UvJ (8) 

The calculation of u and Au can provide a more demanding 
examination of a theoretical model than estimating chemical shifts since 
in the latter case a cancellation of errors, arising during the calculation 
of u for two different nuclei, may occur. Some calculated and experi- 
mental values of u and Au are compared in Table VI. 

In high resolution NMR experiments in relatively non-viscous liquids 
the observed chemical shifts relate to differences between values of the 
scalar u, for different nuclei, as defined by equations (6) and (8). 
By considering only the nitrogen 2s and 2p atomic orbitals the 

expressions, for nucleus A, of the rotationally averaged local terms in 
equations (2) and (3) become: 

and 

where Cj,X, is the LCAO coefficient of the P, orbital on atom A in 
molecular orbital j ,  etc., rUA represents the separation of the electrons 
in orbital p from nucleus A and ( r -3 )2p  is then mean inverse cube 
radius for the 2p orbitals on atom A. This is usually evaluated by 
means of the relationship, 



124 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB 

where Z ,  is the effective nuclear charge for the 2p atomic orbital and a, 
is the BoRr radius. The value of Z,, may be obtained from Slater’s rules 
(25) or by Burns’ method. (26) 

The matrix element in equation (9) is similarly obtained from 

where n is the principal quantum number of the atomic orbital p.  
The non-local contributions in equation (1) may be evaluated by 

assuming that the induced moment in the electrons on atom B can be 
replaced by a point dipole. (22, 27) The effect of this dipole on the 
screening of nucleus A is found to be negligible for first row atoms, 
although it can be significant for protons. (8,28) 

Thus, equations (9) and (10) are used to obtained nuclear screening 
data within semi-empirical applications of Pople’s theory. In this theory 
d for nitrogen, although often numerically larger than up,  is approxi- 
mately constant for series of molecules and ions. (29, 38, 39) The 
nitrogen chemical shifts occurring in these series arise from changes in 
up. The data reported in Table I1 were obtained from INDO molecular 
orbital calculations. (29) They show that d is constant to within about 
3% and that the non-local contribution is negligible when either Slater’s 
or Burns’ rules are employed. 

It is noteworthy that among the species included in Table I1 are some 
methylamines and their protonated forms and that d does not vary 
significantly between them. This is in contrast to the conclusions reached 
following valence bond calculations within Ramsey’s approach. (30) It 
has been claimed that the protonation shifts are primary due to changes 
in the diamagnetic component of the screening constant while shifts 
within each series of methylamines are due to changes in the 
paramagnetic term. (30) Apart from any shortcomings inherent in the 
vdlence bond method, this claim underlines the difficulties associated 
with a comparison of results obtained from gauge dependent cal- 
culations on the one hand and gauge independent ones, as presented in 
Table 11, on the other. 

Reports of significant changes in the local diamagnetic term have 
been made, (3 1 ,  32) for nitrogen nuclei based upon equation (13) which 
is adapted from Flygare’s work. (16) 

where TAB is the separation between the nucleus of interest, A ,  and its 
neighbour, B ,  which has a charge Z,. It has been suggested that 0: is a 
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TABLE I1  
Some calculated values of d for nitrogen in ppm 

Pople’s method Pople’s method Flygare’s 
with Slater’s rules with Bums’ rules method 
- 

Molecule 4 w  donloc d o c  donioc 4oc donlm 

I 
H 

@ 
I 

H 

@ I 
0 

326.69 
326.45 
326.52 
326.25 
326.08 
324.42 
323.76 
323.39 
323.17 
322.81 
326.76 
326.74 
326.46 

327,37 
318.41 
3 18.46 

318.35 

0.00 
-0.01 
-0.01 
-0.01 
-0.02 
0.00 

-0.09 
-0.01 
4 . 1 3  
4 . 1 7  
-0.01 
0.00 

-0.01 

0.00 
-0.38 
-0.40 

-0.42 

315.85 
315.74 
315.79 
3 15.70 
315.63 
314.50 
314.10 
313.88 
313.77 
3 13.64 
316.31 
3 16.47 
3 16.25 

3 16.19 
309.77 
309.80 

309.74 

0.00 
-0.01 
-0.01 
-0.01 
-0.02 
0.00 

-0.09 
4 . 0 6  
4 - 1 3  
4 . 1 7  

0.01 
0.00 

-0.01 

0.00 
0.38 

4 . 4 0  

-0.42 

326.77 
326.57 
326.63 
326.41 
326.28 
325.02 
324.35 
323.98 
323.15 
323.39 
326.82 
326.80 
326.58 

327.3 1 
319.27 
319.31 

319.21 

326.15 -0.02 315.04 -0.02 326.34 
323.89 0.26 314.09 0.26 324.49 
327.99 0.31 316.37 0.31 327.83 
315.37 -0.51 307.24 -0.51 316.68 
323.16 -0.34 312.89 -0.34 323.74 
316.36 -0.52 308.11 -0.52 317.50 

324.62 -0.17 314.80 -0.17 325.17 

326.20 -0.05 315.43 -0.05 326.38 

323.99 -0.03 314.26 -0.03 324.59 

321.62 -0.45 312.33 -0.45 322.23 

25.43 
53.98 
54.27 
83.42 

111.55 
27.22 
59.76 
90.78 

121.22 
157.63 
54.39 

112.82 
1 1  1.41 

73.81 
164.86 
165.05 

167.41 

47.49 
87.35 
53.87 

128.87 
130.15 
194.58 

91.34 

79.24 

86.25 

139.09 
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“local” term when the summation in equation (1 3) is restricted to those 
atoms directly bonded to atom A .  (3 1, 32) The actual charge density on 
atom A may be included in the calculation by means of equation (14). 

a: (atom in molecule) = 4 (free atom) k ApA A 4  (14) 
where ApA is the difference between the atomic number and the gross 
atomic population, which for the data given in Table I1 has been 
obtained from INDO calculations, A 4  is the difference between the 
value of 4 for a free atom and the corresponding positive or negative 
ion as appropriate. (33) 

To account for the actual electronic populations of the bonded atoms 
the INDO gross atomic populations, PB, rather than Z ,  are used. Hence 
equation (1 3) becomes, 

(15) P e2 PB A~,Ao,” + 2 - 1 - a: = a,” (free atom) 
4n 3m Bonded 

B only 

The final two columns of data in Table I1 were calculated from equation 
(1 5) .  

It is clear from Table I1 that the large apparent changes in 4 are due 
to the “non-local” final term in equation ( 1 9 ,  while the first two “local” 
terms remain reasonably constant for the molecules reported. Changes 
in the final term predict a considerable increase in 0,“ as the number of 
bonded atoms and electrons in the molecule increases. For example it 
implies an increase in the nitrogen screening constant by about 29 ppm 
as each H in NH, is replaced by CH,, whereas the experimentally 
obtained screening decreases by about 6 ppm. 

Consequently values of 4 obtained by the restricted summation of 
equation (15) are not those of a “local” term as defined in Pople’s 
gauge-dependent molecular orbital theory, (18, 19) but are compar- 
able to those found for ad in Ramsey’s procedure. Thus values of 4 
calculated by the methods of Pople and Flygare are not comparable due 
to the significant and variable “non-local” contribution appearing in the 
latter. Attempts (32, 34-37) to discuss the variation in nitrogen 
screening for a series of molecules by obtaining a; from Flygare’s 
approach and a; from Pople’s method appear to be meaningless. 

Equation (10) is not often used in calculations of the paramagnetic 
contribution to the screening within Pople’s theory. However, INDO 
calculations in conjunction with equation (10) have recently been 
reported for some ureas and related molecules, (38), some small nitrogen 
containing molecules and ions (39) and some five- and six-membered 
ring heterocycles. (40) In these calculations the excitation energies, 
E,  - E j ,  are taken to be those of excited singlet states since these are 
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mixed with the ground state by an external magnetic field. Consequently 

where ck and 
are respectively the Coulomb and exchange integrals, defined by: 

and 

are eigenvalues of the unperturbed molecule, Jik and K j ,  

Jjk = (j, kl r;; u, k )  

KJk = (j, kl r;; I k, j )  

(17) 

(18) 
The results obtained for urea and some of its analogues are presented 

in Table 111. (38) Comparison of the experimental and calculated 
nitrogen screening data is shown in Fig. 1 where the least squares line 
corresponds to a standard deviation of 7.05 ppm with a correlation 
coefficient of 0.9368. This probably reflects the relative insensitivity of 
the INDO eigenfunctions to changes in the nitrogen environment. 

T A B L E  I11 
Comparison of theoretical and experimental nitrogen screenings for urea and some of its 

analogues in ppm (38) 

Nitrogen 
up atO'.l u'o'sl - &exP Compound nucleus d x p Q  ad 

+302.8 327.7 -205.1 122.6 

327.6 -198.8 128.8 
+310.7 327.3 -194.6 132.7 

+297.4 327.3 -190.8 136.5 

+320.0 326.7 -184.5 142.2 

+320.0 326.5 -191.1 -35.4 
+238.0 327.7 -250.6 77.1 

+333.4 327.0 -187.0 140.0 
+207.8 327.4 -229.9 97.5 

+334.0 326.7 -188.5 138.2 
+187.0 328.5 -266.8 61.7 

-180.2 

-178.0 

- 160.9 

-177.8 

- 184.6 
- 160.9 

-193.4 
- 1  10.3 

-195.8 
-125.3 

These data refer to nitrogen screening expressed with respect to neat CH,NO, on the 
screening constant scale, see Section 111. 
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3401 

U I O t O l  

FIG. 1. Plot of experimental nitrogen screening constants, with respect to CH,NO,, of urea 
and some of its analogues against calculated values of the nitrogen screening constant in these 
molecules. (38) 

Theoretical and molecular beam investigations suggest that the 
absolute screening of N, is about -100 ppm. (41, 42) The difference 
between the screening in liquid N, and CH,NO, is anticipated to be 
about -70 ppm, (43, 44), hence on the absolute scale CH,NO, should 
appear at about -170 ppm. This value may be in error by up to +30 
ppm since CH,NO, has not been measured accurately relative to 
gaseous N, (Section 111). 

The differences between the total calculated value of CJ for the urea 
analogues and their nitrogen chemical shifts, with respect to CH3N0,, 
are presented in the final column of Table 111. The mean of these 
differences is about -160 ppm which corresponds to the absolute value 
of CJ for CH,NO,, in reasonable agreement with expectation. (38) 
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Analysis of the various contributions to  CP for urea and its analogues 
reveals that the major one arises from the lowest energy n + 7F 
transition. The lower energy of this transition for the isoamide-type, as 
opposed to the amide-type, of nitrogen atoms results in their relative 
deshielding. 

The energy of this transition is found to  be very sensitive to changes 
occurring in other parts of the molecule. (40) Thus as -OCH, is 
replaced by -N(CH,), the decrease in electronegativity of the 
substituent results in a lower n --* 7F transition energy for the isoamide- 
type of nitrogens with a concomitant decrease in their screening. A 
similar decrease in screening is observed when the -SCH, group is 
introduced. 

Similar data from some CNDO/S parameterized calculations on 
some small nitrogen containing molecules and ions and some 
heterocycles are presented in Tables IV and V. (39, 40) As shown in 

T A B L E  I V  

Some calculated contributions to the paramagnetic component of the nitrogen screening 
tensor in ppm (39) 

Calculated 
transition Contribution 

Molecule Component Transition energy (eV) to up 

X l 0 - 6 f f  31.783 -20.844 YL, 3 0 + 6 f f  5.854 -498.58 1 
472 -t 80* 17.565 - I 38.702 

N=N 

Y 

Z 

This component is identical to the X component 

This component makes no contribution to UP 

X la --t 6 f f  27.937 -15.168 
2 0  --t 6 f f  16.388 12.73 I 

1.145 -383.589 
5R -t 80. 9.870 -6.738 
672 -t 9dL 15.728 -133.98 I 

Y i ,  
H-CEN 

30 -t 6 f f  

Y 

Z 

This component is identical to the X component 

This component makes no contribution to OP 

X la + 1off 30.695 -5.25 
4R+ 12dL 17.06 5.771 
472 + 15a* 24.808 -7.665 
6 0  + 9 f f  7.25 -67.595 
6 a +  10ff 7.25 -273.105 

CH3-C-N 

.- 
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T A B L E  IV-~ont.  

Calculated 
transition Contribution 

Molecule Component Transition energy (eV) to 0 0  

X 

CH,C=N X 

Y 

Z 

CH,NC X 
Y 

7 n -  120. 11.502 -5.193 
15.936 -20.738 

an-. 120* 11.502 -22.029 
8n- 150* 15.936 -87.972 

7n - 150' 

This component is identical to the X component 

This component makes no contribution to u p  

20 - 97f 
20 - Ion* 
30 -. 97f 
30 -. 13ff 

5n -. 150* 
60 - 97f 
60 - 10n* 
7n -. 150*. 
8n- 140. 
8 n  - 150' 

5 R  + 140. 

25.642 
25.642 
15.114 
20.139 
17.857 
24.745 

6.206 
6.206 

15.969 
11.371 
15.969 

-20.276 
-5.333 

-15.473 
-5.280 

-12.477 
-33.165 

-123.03 1 
-32.357 
-22.445 

15.771 
-12 1.954 

Y 

Z 

ONO" X 
Y 

Y 

Z 

This compound is identical to the X component 

This component makes no contribution to u p  

20 - 107f 35.674 -63.762 
5n -. 120* 29.162 -137.855 
60 -  107f 10.406 - 168.747 

This component is identical to the X component 

This component makes no contribution to UP 

Y 

10 - 1off 40.159 -8.723 
40 - l07f 10.075 -84.035 
6n -. 1 lo* 21.138 -6 1.9 14 
80 - 1Off 2.732 -905 ' 774 

20 -. 1 l0* 43.676 -16.975 
30 - 120. 29.26 -2 1.442 

25.594 -88.645 4 0  - 1 2 6  
50 -. 1 l0* 23.958 -23.326 
70 -. 1 lU* 16.911 14.985 
80 - 1 2 6  18.342 18.400 

20-  1off 29.318 -53.043 
50 - lO7P 10.24 - 140.027 
672 -. 1 2 8  23.322 -12 1.8 14 
70 -  10ff 3.69 -1 11.342 
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T A B L E  V 

Some calculated contributions to the paramagnetic component of the nitrogen screening tensor 
for some N-heterocycles in ppm (40) 

Transition 

Molecule 0 + f f  n + a* 0 - f f  n + n +  n- 8 Total 

-38.22 

-34.14 

-25.18 

-52.5 1 

-51.30 

-26.03 
-49.80 

-28.50 
-51.51 

-27.96 
-30.70 
-47.41 

-26.40 -93.30 

-30.23 -75.25 

-39.08 -72.18 

-97.27 

-80.85 

-39.86 -50.91 
-0.75 -64.97 

-36.97 -73.12 
-2.11 -79.36 

-34.62 -46.42 
-32.83 -42.76 

-4.21 -64.76 

-129.75 -90.47 -378.14 

-132.66 -92.28 -364.57 

-174.1 1 -86.16 -396.71 

-122.06 -271.86 

-126.72 -262.38 

-148.23 - 1  15.69 -380.7 
-24.7 -134.31 -274.5 

-152.54 -101.24 -392.45 
-4.02 -129.57 -266.56 

-183.17 -117.51 -409.69 
-215.14 -101.07 -422.50 
-41.91 -132.23 -290.52 

Table IV the largest contributor to up, for the linear species N,, HCN, 
CH,CN, CH,NC and NO?, is the lowest energy u + d” transition. 
However, for CH,NC and NO? there are also significant contributions 
from higher energy R + Q* transitions. 

In the case of the bent ion, NO?, the X component of oP is dominated 
by the lowest energy Q + R* transition. The other in-plane component, 
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Comparison of some experimental I4N screening anisotropies and values cakulated from CNDO/S eigenfunctions (39) 

Molecule Axis 

Calculated (p pm)" 

e x  o",, ** Au 

~- 

N=N 

HCN 

N-N*-0 

N*-N-0 

CH,CN 

CH,NC 

Y Z  i 

Y L  

Y i, 
LZ 

X 

Y L L  

X 

Y L z  

-658.13 

-525.74 

-392.88 

4 4 5 . 5 6  

-494.19 

-384.86 

-456.49 

-658.13 0.0 

-525.74 0.0 

-383.95 -21.02 

-173.17 -18.78 

-494.19 -22.53 

-384.86 18.34 

-98.76 -456.45 

658.13 

525.74 

367.4 

440.6 

471.66 

403.20 

357.73 
0 
I 

J ' 4 x  

lo i 

Experimental (ppm) 

B 
~. ~ 

-124.0 

-30.34 

43-77 

8.28 

-16.47 

68.45 

-16.91 

Au Ref. d Ref. 

657 2 20 (42) -1OOf 20 (42) 

5 7 7 2  20 (52) -37?20 (52) 
-30 (57) 

5 1 2 2  I0 (53) 5 (57) 

369f 15 (53) 89 (57) 

452 f 10 (54) -16 f 10 (52) 

360k  73 (56) 130f 20 (56) 
85 (58) 

2 1 0 2  5 (55) 115 k 20 (55) 



-248.71 -248.71 -183.58 65.13 99.51 3 9 k  10 (17) 2 6 0 k 2 0  (17) 
H 

-542.43 -193.87 -395.11 276.4 -49.52 672 (59) 

-458.88 -112.18 -359.71 297.12 13.10 398 (59) 

z 
I 4 

ga 
0 

NO* 

For those molecules which do not possess a two fold or higher axis of symmetry the tensor is diagonalized by a similarity transformation. 
These are averaged values for the total nuclear screening as defined by equations (6) and (8). 

5 

3 

z 
B 
v) 

2 

a 
n 

L 
w 
w 
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2, has large donations from two low energy u + #' transitions 
together with a smaller amount from a higher energy II + Q* transi- 
tion. The out-of-plane component is composed of a number of u -+ 6 
contributions. 

The major contribution to QP for the pyridine-type nitrogen atoms 
included in Table V arises from the n - II* transitions while the II + u* 
and u + II* transitions also make significant contributions. For the 
pyrrole-type nitrogen atoms the effective removal of the lone pair leaves 
the II + u* and u -+ n* transitions as the dominant ones. In all cases the 
higher energy u + u *  and n +u* transitions provide only minor 
contributions. 

Relatively few experimental values of the anisotropy, Au, of the 
nitrogen screening tensor have been reported. The available data are 
compared with the results of some CNDO/S calculations in Table VI. 

On account of the approximations inherent in the CNDO/S 
procedure significant contributions from od to Au are not expected. 
Consequently only the diagonal components of up are included in the 
estimates of Au obtained from equations ( 5 )  and (7) and presented in 
Table VI. (39) 

In most cases the agreement between the'calculated and experimental 
anisotropies is satisfactory. For N,O the agreement would be improved 
if the assignments for the two nitrogen nuclei were reversed. 

Table VI also reveals that in general the agreement between the 
calculated and measured values of the absolute nitrogen screening is 
reasonable. Nitrate ion and ammonia are notable exceptions to this, 
solid state interactions and hydrogen-bonding could be, at least, 
partially, responsible for these discrepancies (Section 111). In most cases 
the calculated values of Au and u compare favourably with those 
obtained from ab initio calculations. (39) 

Comparison of the observed and calculated nitrogen chemical shifts, 
with respect to nitrate ion, for the species reported in Table VI requires a 
least squares line with a correlation coefficient of 0.91 and a standard 
deviation of 50 ppm. (39) The calculated nitrogen chemical shifts are 
found to be systematically to low frequency of the observed ones. This is 
a consequence of the calculated value of u for nitrate being about 100 
ppm greater than the experimental result. This difference may reflect 
interactions involving the nitrate ion in solution and suggests that it is 
not the best choice of standard for nitrogen chemical shift measurements 
as discussed in Section 111. 

Equation (10) is often simplified by replacing the excitation energies 
by a mean value, AE, to give the Average Excitation Energy (AEE) 
approximation. Since overlap is neglected in the semi-empirical 
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molecular orbitals used, it follows that, 

By incorporating equation (19) and the AEE approximation, equation 
(10) becomes, 

where the summation over B includes atom A and, 

QAB = V A B ( P x A x ,  + P y 4  yaPz,ze) 

- 3 ( P X , X , P Y A Y 8  + P X , X n P Z A Z ,  + P Y , Y , P Z , Z 8 )  

+ f . ( P X , Y , P X , Y ,  + P X , Z , P X , Z ,  + P Y , Z n P Y n Z , )  (2 1) 

Equation (21) represents the imbalance of the populations of the 

By combining equations (1 1) and (20), o i  becomes, 

The P’s are defined by equation (4). 

orbitals around nucleus A .  

Equation (22) has been used in several calculations of nitrogen 
screening constants, including those based upon P-P-P R electron data 
for some azine-N-oxides, (45) R electron calculations together with o 
bond polarization estimates for some mono-substituted pyridines (46) 
and INDO calculations on some simple azines. (47). INDO charge 
densities have also been reported for some methylanilines. (48) In 
general this method is successful in accounting for gross chemical shift 
trends in series of closely related molecules as discussed in Section V. 
However, its utility is limited by the necessity of choosing a value for AE 
which cannot be decided by a priori arguments since it is not directly 
related to any of the observed electronic transitions in the molecules 
concerned. 

An analysis of the various contributions to QP given by equation (20) 
shows that, for nitrogen nuclei in series of closely related molecules, 
significant changes occur in both the ( r -3)2p and E Q,4B terms in passing 
along the series. In general changes in the latter term are larger than in 
the former. Equations ( 5 )  and (15) show that both of these terms depend 
upon the nitrogen charge density. The greatest dependence occurring 
when the nitrogen has a lone pair of electrons and its sigma bonds are 
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significantly polarized. This provides a rationale for the reported 
dependence of the nitrogen chemical shifts on charge density in some 6- 
membered heterocycles (Id) methylanilines (48) and pentazole. ( 5  1) 

Use of equation (22) rather than equation (10) in determining u p  

restricts the understanding of the relationship between nuclear screening 
and various aspects of molecular electronic structure. An example of 
this is provided by some AEE calculations on the deshielding of the 
pyridine nitrogen atom with respect to that in the pyridinium ion. It was 
claimed that the deshielding arises mainly from a low lying n-. n* 
transition together with a substantial contribution from a u-. n* 
transition. (49, 50) The CNDO/S data reported in Table V show that 
the relative pyridine deshielding is due to n -. 7c* and n -. u* transitions 
only. The u -. u*, u -, 7c* and n + u* transitions all produce shielding 
contributions for pyridine relative to the pyridinium ion. 

In general, it appears that calculations of UP based upon equation (10) 
provide a reasonable insight into the chemically interesting factors which 
determine nitrogen screening data. 

111. CALIBRATION OF SPECTRA 
There has been considerable confusion as far as the calibration of 

nitrogen NMR spectra is concerned. This situation has not improved 
very much since the appearance of a comprehensive discussion on the 
subject, (Id) possibly it has grown worse. Modern spectroscopic 
techniques, in both 14N and 15N NMR, allow the determination of the 
positions of nitrogen resonance signals with a precision of the order of 
0.1 ppm, but this does not mean that the accuracy of chemical shift 
determinations is of the same order. Very often careless use of reference 
compounds may make a precision of 0.1 ppm in signal position quite 
meaningless from the point of view of differences in actual screening 
constants. 

First of all, it is necessary to consider the practical limits of accuracy 
in determining nitrogen chemical shifts. It is well known that an accurate 
estimate of sample temperature within a NMR probe poses a serious 
problem which is amplified, particularly in nitrogen NMR spectroscopy 
where large sample tubes are usually used, by the uncertainty of 
temperature gradients within the sample. It seems likely that an 
uncertainty of at least &2"C, and more probably L-4"C, is something 
which can hardly be avoided, even in modern NMR spectrometers. The 
temperature dependence of nitrogen chemical shifts has been measured 
for some simple molecules (60, see also ref. Id, p. 253), and the 
temperature coefficient found to be about 0.1 ppm per 5°C with the 
exception of NH, (liquid) where it is twice as large. Since the uncertainty 
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of bulk magnetic susceptibility effects in the technique of external 
referencing may be easily of the order of a few tenths of a ppm, it seems 
that &O- 1 ppm constitute the limits of accuracy for determining nitrogen 
chemical shifts if bulk susceptibility corrections are applied, and at least 
k0.2 otherwise. It is shown later that the use of internal reference 
compounds, i.e., those dissolved in the sample, cannot provide a basis 
for the precise measurement of nitrogen chemical shifts, since no internal 
standard is inert to medium effects. 

Theoretically, any external standard may be used, provided that it is 
clearly defined, and that precise data are available which make possible 
the accurate recalculation of nitrogen chemical shifts referred to other 
standards. Practically, there are limitations concerning the con- 
centration of nitrogen nuclei in the reference compound, the sensitivity 
of its nitrogen chemical shift to concentration and solvent effects in the 
case of solutions, effects due to possible impurities, nuclear Overhauser 
effects on the resonance upon proton decoupling etc. 

It seems likely that nitromethane, CH,NO1, as a neat liquid will 
constitute a good external standard (61) for various reasons. It is a not- 
too-volatile, non-hygroscopic liquid with a high nitrogen concentration 
(ca: 18 M), surpassed in the latter by only a few compounds such as 
CH,CN, CH,NH, and NH,, all of which are hygroscopic and reveal a 
considerable effect on their nitrogen chemical shifts when contaminated 
by water. The 14N signal of CH,NO, is rather narrow which makes it 
suitable for 14N NMR spectroscopy, whilst that of CH,15N0, shows 
little change in total intensity upon proton decoupling. (62) CH,15N0, 
may also be conveniently used in double-resonance determinations of 
nitrogen chemical shifts from proton spectra. A great deal of data (up to 
1972) on nitrogen chemical shifts has already been recalculated to the 
internal CH,NO,, (Id) and since the accuracy of the early measure- 
ments was usually not better than &2 ppm, they may be directly 
compared with those referred to external, neat CH,NO,, either without 
any or with only minor corrections. 

We shall use henceforth the nitrogen signal of neat nitromethane 
external standard as a reference point on the scale of nitrogen chemical 
shifts. Since chemical shifts expressed on a dimensionless scale represent 
differences in nuclear screening constants, we shall adopt the so-called 
screening-constant scale (Id) where shifts to (higher fields) lower 
frequencies are taken as positive.* Thus a positive chemical shift 
corresponds to a positive change in the screening constant. 

* Editorial note. Although this is opposite to the frequency scale for chemical shifts it is 
consistent with the data presented in ref. 1 to which this review makes frequent reference. See 
also ref. 3 and references therein. 
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T A B L E  V I I  

Precise values of differences in nitrogen screening constants for selected molecules and ions" 
in ppm, referred to external neat nitromethane 

Compound Solvent or state 

CHINO, neat liquid, 18.42 M 
0.30 M in DMSO 
0.30 M in H,O 
0.30 M in D,O 
0.30 M in 11.73 HCI,, 
0.30 M in DMF 
0.30 M in MeCN 
0.30 M in Me,CO 
0.30 M in dioxane 
0.30 M in MeOH 
0.30 M in EtOH 
0.30 M in CH,CI, 
0.30 M in CH,Br, 
0.30 M in CHCI, 
0.30 M in Et,O 
0.30 M in benzene 
0.30 M in CCI, 

C(NO,), neat liquid, 8.31 M 

NO? KO, 0.30 M in H,O 
Na@, 0.30 M in H,O 
Na@, 7.93 M in H,O (satd.) 
NHP, 12.30 M in H,O (satd.) 
NHP, 5.00 M in 2.00 M HNO, 
NHP, 8.00 M in 2.00 M HCI 
NHP, 5 . 0 0  M in 2.00 M HCI 
NHP, 4.00 M in 2.00 M HNO, 
NHP, 4.50 M in 3.00 M HCI 

HNO, 1.00 M in H,O 
7-00 M h H,O 
10.00 M in H,O 
15.71 M in H,O (70.0% w/w) 

NH? clO, 1.00 M i l l  10.00 M HCI 
ClO, 5.00 M in 2.00 M HCI 

Cle, 5.64 M in H,O (satd.) 
NO?, 4.50 M in 3.00 M HCI 
NO?, 5.00 M in 2.00 M HCI 
NO?, 8.00 M in 2.00 M HCI 
NO?, 5.00 M in 2-00 M HNO, 

(supersatd.) 

Nitrogen screening 
constant 

0.OOOO (arbitrary) 
-2.01 f 0.12 
-1.98 f 0.12 
-1.94 f 0.13 
-1.95 f 0.14 
-0.69 f 0.13 
+0.20 f 0.13 
+0.77 f 0.10 
+1.82 f 0.13 
+2.01 f 0.13 
+2.70 f 0.12 
+3.21 f 0.13 
+3.41 f 0.12 
+3.79 f 0.13 
+3.91 f 0.13 
+4.38 f 0.11 
+7.10f 0.11 

+46*59 f 0.09 

+3.55 f 0.12 
+3.53 f 0.12 
+3.70 f 0.12 
+3.98 f 0.12 
+4.64 f 0.12 
+4.93 f 0.11 
+5.23 f 0.11 
+5.55 f 0.11 
+6.30 f 0.10 
+4.43 f 0. I 1  

+12.59 f 0.12 
+18.23 f 0.13 
+31*31 f 0.08 

+349.92 f 0.13 
+352.49 f 0.11 

+352*89 0.17 
+357.10 f 0.12 
+358.01 f 0.13 
+358.03 f 0.14 
+358*96 f 0.17 
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T A B L E  VII-cunt. 

Compound Solvent or state 
Nitrogen screening 

constant 

Me,N@ 

Et,N@ 

HCONMe, 

NH, 

NMe, 

MeNH, 

MeC N 

PhNO, 

(NC0)O 

(NCS)O 

(NNN)O 

(CN)O 

NO? 

Pyridine 

NO?, 4.00 M in 2.00 M HNO, 
NO?, 12.30 M in H,O (satd.) 

CIo, 6.03 M in H,O (satd.) 
I@, 0.30 M in H,O 
C P ,  0.30 M in H,O 

ClO, 4.58 M in H,O (satd.) 
CIB, 0.30 M in H,O 

neat liquid, 12.92 M 

0.30 M in H,O 

neat liquid, 34.80 M 

neat liquid, 9.8 M 

neat liquid, 43.22 M 

neat liquid, 18.79 M 

0.30 M in CCI, 
0.30 M in Me,CO 
0.30 M in H,O 

neat liquid, 8.3 1 M 

0.30 M in CCI, 

KO, 0.30 M in H,O 
KO, 6.21 M in H,O (satd.) 

KQ, 9.51 M in H,O (satd.) 
KO, 0.30 M in H,O 

Na@, 0.30 M in H,O 

Na@, 5.13 M in H,O (satd.) 

KO, 8.5 M in H,O (satd.) 
KO, 0.30 M in H,O 

Na@, 0.30 M in H,O 
Na@, 7.56 M in H,O (satd.) 

neat liquid, 12-30 M 

+359.06 f 0.15 
+359.55 t 0.17 

+336.69 0.09 
+337.31 t 0.13 
+337.67 t 0. I 1  

+315.84 0.09 
+316.29 f 0 . 1 3  

+277.00 f 0.09 
+264.58 f 0.31 

+381.93 k 0.14 

+368.59 f 0.10 

+378.73 f 0.15 

+136.40 kO.10 
+ 127.44 f 0.28 
+132.99 t 0 . 1 3  
+ 144.94 t 0.26 

+9.56 f 0.12 
+12.18 k 0.18 

+302.60 f 0.14 
+302.91 t 0.14 

+170*O4 t 0.11 
+174.07 f 0.17 

+131.51 kO.12 (centr.) 
+280-60 f 0.12 (term.) 
+132.16 t 0.10 (centr.) 
+281.69 0.12 (term.) 

+ 102.48 f 0.09 
+106.11 k 0.12 

-227.60 t 0.33 
-228.89 0.25 

+62.01 k 0.14 
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T A B L E  VII-Cant. 

Compound Solvent or state 
Nitrogen screening 

constant 

0.30 M in CCI, 
0.30 M in Et,O 
0.30 M in Me,CO 
0.50 M in H,O 

+58.01 f 0.37 
+59.20 f 0.31 
+64.01 f 0.30 
+84.38 f 0.59 

Pyridinium ion Cl@, 0.50 M in 10.0 M HCI + 178.96 f 0.09 

Data from ref. 61; I4N spectra at 4.3345785 MHz (k0 .5  Hz), sample temperature 
30 f 2OC: concentric spherical sample containers are used in order to eliminate bulk 
susceptibility effects on shifts and signal shape; external standards are used, CH,NO, (neat 
liquid) and, for signals within f 1 5  ppm of that of neat CH,NO,, tetranitromethane (neat 
liquid): reported shifts represent values obtained from iterative fitting of theoretical and 
experimental lineshapes using a differential saturation method, ref. 63, reported errors are 
standard deviations for the fitting of at least 200 data points, and represent 68% confidence 
limits: for shifts which are recalculated from values referred to C(NO,),, the error of the 
shift of C(NO,), relative to CH,NO, is included. 

In order to provide a means for the precise recalculation of nitrogen 
chemical shifts reported since 1972, it is necessary to have accurate 
values of the differences in the screening constants between neat 
CH,NO, and the large number of reference compounds which have so 
far been used. Table VII shows the results of precise I4N measurements 
(61) which have been carried out in concentric spherical sample and 
reference containers in order to eliminate bulk susceptibility effects on 
the shifts. Since the technique adopted (61, 63) involves the ac- 
cumulation of a large number of individually calibrated spectra with the 
subsequent use of a full-lineshape analysis by the differential saturation 
method, (63) the resulting random errors comprise those from minor 
temperature variations, phase drifts, frequency instability, sweep non- 
linearity, etc. so that systematic errors should be insignificant as 
compared with random errors. 

A systematic error which always appears in the calculation of 
chemical shifts, relative to an arbitrary standard, results from differences 
in frequencies or magnetic field intensities at which the reference signals 
appear. Theoretically, a difference in frequency (or field intensity) 
between two resonance signals should be divided by that of the signal of 
a bare nucleus in order to give a true difference in the screening 
constant. If any other frequency is used, e.g. that of an arbitrary 
standard, the error (in ppm) depends on the screening constant of the 
standard and the magnitude of the shift. Since the signal of neat 
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CH,NO, appears almost in the middle of the range of nitrogen chemical 
shifts of diamagnetic molecules, (Id) and because there are reasons to 
believe (explained at the end of this section) that the nitrogen resonance 
of neat CH,NO, appears at about 130-170 ppm to high frequency of 
that of a bare nitrogen nucleus, the systematic error is less than 0.1 ppm 
at the limits of k500 ppm from CH,NO, which covers the entire range 
of nitrogen chemical shifts of diamagnetic molecules. 

The data in Table VII show that solvent and concentration effects on 
nitrogen screening constants are quite considerable from the point of 
view of an accuracy of the order of 0.1 ppm and that no internal 
reference is really suitable for precise measurements. 

Nitromethane itself is characterized by a range of about 9 ppm due to 
solvent effects on its signal position. In most commonly used solvents 
the shift is about +2 to +4 ppm (from neat CH,NO,), very close to that 
of the NO? ion in aqueous solutions of alkali metal nitrates, ca. +3.5 
ppm (Table VII). Thus the unified chemical shift scale (Id) based on the 
internal standards, CH,NO, for non-aqueous and NO? for aqueous 
solutions, which has been used for older data, seems to be justified. This 
is true at least to the level of accuracy of the early experimental 
methods, in spite of claims to the contrary (64) which are based on 
measurements on an aqueous solution of CH,NO, and KNO,, where 
the difference may reach 5 . 5  ppm (Table VII). The data for CH,NO, 
(Table VII) may be used for approximate recalculations of nitrogen 
screening constants measured directly from CH,NO, as internal 
standard. 

The question of intermolecular effects on the shift of CH,NO, has 
also been discussed in a paper (62) reporting 15N measurements for 
relatively concentrated (ca. 5 M) solutions, without bulk susceptibility 
corrections, and with the use of Cr(acac),, 0.03 M, as a T, relaxation 
reagent for eliminating saturation effects in the pulsed Fourier-transform 
technique. Since there are inconsistencies both in the relative magnitudes 
of solvent effects on the CH,NO, shift and in the signs of effects, as 
compared with the data in Table VII, as well as differences of 1-2 ppm 
for CH,CN and HCON(CH,), (neat liquids) between the data in ref. 62 
and Table VII, it seems that apart from bulk susceptibility effects and 
those due to high concentrations, in the case of nitromethane solutions, 
the presence of Cr(acac), may affect the nitrogen chemical shifts. This 
reagent has been shown (65) to induce shifts as large as 1 ppm in 
spectra at concentrations of 0.05 M. 

The NO? ion in aqueous solutions, used in a large number of papers 
as an external reference, should be treated with caution. There is only a 
small concentration dependence of its relative nitrogen screening 



142 M. WlTANOWSKI. L. STEFANIAK A N D  G. A. WEBB 

constant in KNO, or NaNO, aqueous solutions ( + 3 . 5  to + 3 - 7  ppm, 
Table VII), but the shift is sensitive to pH and shows considerable 
changes between that for NaNO, (or KNO,) and acidified NH,NO, 
solutions (Table VII). If the exact composition of a NH,NO, solution is 
not reported, the uncertainty of the shift of the standard may amount 
to several ppm, and statements to the effect that “acidified NH,NO, 
was used as a standard” may seriously affect the significance of the 
results. 

The use of HNO, solution as an external standard has led to much 
confusion. First of all, the shift is extremely sensitive to HNO, 
concentration (Table VII) and even small errors in the latter may lead to 
a considerable uncertainty in the former. Secondly, in a number of 
papers (36, 66-68) ca. 10 M HNO, was reported as an external 
standard, whilst its shift relative to saturated aqueous (CH,),NCl 
suggests (36) that the actual concentration was somewhere in the 
vicinity of 2 M (see Table VII). In one instance (69) “external HNO,” 
was reported as a standard, and this leaves a range of uncertainty of 
about 40 ppm; the only means of recalculating such results to any 
common scale is to compare the data reported with other results 
obtained for the same compounds. In another case, (53) the signal of 7 
M HNO, is quite erroneously assumed to coincide with that of the NO? 
ion (Table VII). 

The (CH,),N@ ion, another popular standard, shows a small but 
significant dependence of its nitrogen chemical shift on the concentration 
and on the gegenion involved (Table VII). In some papers (34, 36) 12 M 

aqueous (CH,),NCl has been reported as a standard, but since the 
solubility of the salt in water even at elevated temperatures is ca. 6 M, the 
standard was probably a saturated solution. Its shift relative to neat 
CH,NO, (36) (+336.7  ppm) is in very good agreement with that for the 
saturated solution reported in Table VII. 

The NH? ion has also frequently been used as a standard, but the 
data in Table VII indicate that its nitrogen chemical shift is critically 
dependent on the gegenion, the concentration and the presence of 
mineral acids. If the exact composition of a solution containing NHP is 
not specified, the standard is almost worthless since the uncertainty 
about its shift may reach 10 ppm. It is easy to make a mistake such as 
that probably made in ref. 70 where the reported standard is saturated 
aqueous NH,Cl, but this gives a discrepancy of about 9 ppm with other 
data (see footnote (a) in Table XU), and the standard was probably 
saturated aqueous NH,NO, where the NH? resonance is ca. 7 ppm to 
lower frequencies than that in saturated NH,Cl (Table VII). One should 
also be cautious with the difference between the chemical shifts of NO? 
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and NH? in solutions of ammonium nitrate which is sometimes used 
for the calibration of nitrogen NMR spectra. In a saturated solution in 
water, the difference is 355.58 k 0.20 ppm (Table VII), which is in good 
agreement with a value of 355.5 _+ 0.5 reported elsewhere, (If, 64, 71) 
but it is very dependent on medium effects, e.g., in 4.5 M NH,NO, in 3 M 
HCl it is only 350.8 _+ 0.15 ppm (Table VII). The fact that NH,Cl and 
NH,NO, may be, and have been, used in various combinations <if 
concentrations and solution components, each of which is characterized 
by a distinct value of the shift for NHP, makes the use of such standards 
not recommendable. 

One of the main purposes of the present review is to bring all the 
nitrogen shift data published since 1972 onto a common screening 
constant scale. These are collected in Tables VII-XXXI and the methods 
of recalculation of the shifts, based mostly on the data from Table VII, 
are given in footnotes. Table VII may also be used for introducing minor 
corrections to the older data referred to internal CH,NO, as well as for 
recalculating those referred directly to other standards (Id). 

It may be interesting to look for indications of the position of the 
resonance of a bare nitrogen nucleus which corresponds to the absolute 
zero on the screening constant scale of nitrogen chemical shifts. There 
are two simple molecules, N, (ref. Id, p. 173, and references therein) and 
NH, (see Table I), for which the spin-rotational coupling constants have 
been measured in the gaseous phase. The results have made possible 
theoretical calculations of the screening constants with less arbitrariness 
than in the case of conventional ab-initio or semi-empirical MO 
calculations. The calculated values for gaseous N,, ca. -100 ppm, and 
for gaseous NH,, ca. +270 ppm, may be compared with the most recent 
measurement for liquid N,, ca. +70 from CH,NO, (Table XXX), and 
the data for gaseous NH, (Table VIII), ca. +400 ppm from neat 
CH,NO,. Thus, the origin of the absolute screening constant scale of 
nitrogen chemical shifts seems to lie at ca. +170 ppm from CH,NO, 
(from the N, data) or at + 130 ppm (from the NH, data). The data from 
N, may include large errors because of low accuracy in the 
measurement of the spin-rotational constant and the lack of nitrogen 
screening constant data for the gaseous phase. The accuracy in this 
respect is much better for NH,, but there may be errors involved in 
neglecting vibrational effects, particularly those concerning the confor- 
mational inversion of the umbrella-shaped NH, molecules. Thus, it 
seems that the values quoted should be considered as rough estimates 
and that without obtaining a good set of consistent results for a larger 
number of simple molecules it is far too early to try to establish an 
absolute scale of nitrogen screening constants. 
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IV. EXPERIMENTAL TECHNIQUES 
The experimental aspects of nitrogen NMR have already been 

reviewed (lb) in detail, and only the most recent trends will be discussed 
here. The advent of pulsed Fourier-transform techniques (72) has 
resulted in a major breakthrough in the feasibility of obtaining I5N 
natural-abundance NMR spectra even on large molecules. The use of 
high magnetic fields, i.e. 4 T and more, combined with that of large-bore 
sample tubes, up to 25 mm in diameter, has brought benefit to both I4N 
and 15N NMR spectroscopy from the point of view of sensitivity. The 
analysis of the entire lineshapes of 14N resonance signals, particularly 
when coupled with the so-called differential saturation technique, allows 
one to extricate accurate information about the chemical shifts and 
relaxation times of I4N nuclei even when they give broad and 
overlapping resonance signals. In most cases, besides those where there 
is a severe signal overlap of resonances characterized by almost the 
same signal width, 14N NMR spectroscopy may now afford chemical 
shift data with an accuracy not worse than that found for 15N spectra. 

A. Pulsed Fourier-transform method (PFT) 
The method is well known, (72) and its applications to nitrogen NMR 

have already been discussed. (lb) However, much more experience has 
been accumulated since 1972, and its merits as well as its limitations in 
the field of I4N and I5N NMR are more evident. The PFT technique has 
made possible, the measurement of natural-abundance 15N spectra due 
to a large gain in sensitivity in a given time, compared with the 
continuous-wave (CW) method, for sharp resonance signals which 
appear within a broad spectral range. The sensitivity of the PFT method 
has recently been augmented (73) by the use of high magnetic fields, e.g. 
4.2 T, 25 mm sample tubes, and the quadrature detection technique 
where a pulse is applied with a frequency occurring within the spectral 
range involved. Such a combination of experimental improvements has 
led to usable I5N natural-abundance spectra (73) for a number of 
biopolymers, with concentrations of the order of 0.01 M, within 20-40 
hours of spectra accumulation. Another example may be found in an 
investigation of dipeptides (74) where the same technique has been 
applied to 0.2 M aqueous solutions of a number of dipeptides with a 
typical accumulation time of 6 hours. The amount of nitrogen chemical 
shift data from natural-abundance 15N spectra has considerably increased 
(48, 67, 73-76) since 1972 when their share was almost negligible. 

However, most of the I5N natural-abundance data involve nitrogen 
atoms in various N H  groups where the negative nuclear Overhauser 
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effect (NOE) for 15N nuclei decoupled from protons acts favourably, 
that is in the direction of an inverted signal with a net gain in total 
intensity. Usually, because of a very significant decrease in I5N signal 
intensity due to IH-l5N spin-spin splitting, it is necessary to decouple 
the protons. In this case the negative magnetogyric ratio of I5N, due to 
the NOE upon proton decoupling, can lead to a decrease in signal 
intensity. 

In the “extreme narrowing” region of correlation times for molecular 
rotations, i.e. very fast molecular rotations with respect to the resonance 
frequency, the following applies : 

(2zv5,)* < 1 (23) 

where v is the resonance frequency, and r, is the correlation time. Under 
these conditions the NOE may modify the total intensity of a I5N signal 
by a factor ranging from + 1  (no effect) to -3-93 (maximum effect) in 
proportion to the percentage of I5N-’H dipole-dipole contributions to 
the overall spin-lattice relaxation rate ( l/T1). Thus the range between 
+ 1 and - 1  corresponds to a net loss in the total intensity, and a 
complete cancelling (or “nulling”) of the signal is possible when the 
dipole-dipole mechanism contributes about 20% to the relaxation rate 
(77, and the references therein). This may also happen for a fast 
chemical exchange of I5N between inequivalent sites with different NOE 
intensity factors, if the weighted average of the latter is zero. The same 
situation may arise in off-resonance decoupling experiments (77) 
with I5N, since the NOE is only partially effective, the corresponding 
intensity factor may attain a value within the & 1 range. 

When the correlation time for molecular reorientation is increased 
outside the extreme narrowing region, the extreme value of the intensity 
factor may vary from -3.93, for I5N in the extreme narrowing 
condition, to +0.88 for very long correlation times. (77) Depending on 
the resonance frequency, a complete I5N signal nulling may occur at 
certain values of r,, e.g., 6 x sec for I5N nuclei resonating at 9.12 
MHz. This point has been demonstated experimentatly for a decapep- 
tide, Gramicidin-S. (77) 

The NOE may be quenched by the use of properly gated decoupling 
in the PFT technique, but this enhances signals which are diminished by 
the NOE at the cost of those which are NOE enhanced. Even then 
caution is advisable when adjusting the decoupler duty-cycle since a 
leakage of the NOE, due to misadjustment, may lead to complete signal 
nulling. 

Another factor which hampers routine applications of I5N NMR 
spectroscopy is concerned with the relatively long spin-lattice relaxation 
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times, T I ,  of 15N nuclei, especially for nitrogen atoms which are not 
bonded directly to hydrogen atoms. In the PFT technique, if the interval 
between the pulses is less than 6 T I ,  significant saturation effects take 
place and diminish the signal intensity without broadening it. This is a 
serious problem since increasing the interval reduces the effectiveness of 
the PFT method relative to the C W method. 

There are three general ways of circumventing this difficulty. (72) 
First, it is possible to add a small amount of a “TI  reagent”, such as 
Cr(acac),, as was done in some I5N measurements (62) in order to 
shorten TI. One should be cautious, however, with the use of such 
reagents, since it had been shown (65) that Cr(acac), may induce 
significant shifts of the resonance signals. Another method is to decrease 
the pulse duration time, tD, or the “pulse angle”, to values less than the 
flip angle of 90”. The resulting loss in signal may be more than offset by 
the shorter time required between the pulses. However, the optitr ization 
depends on T I  and c, and may be performed only for signals with a 
given value of T I ,  otherwise a compromise must be found. Typical pulse 
angles used in I5N natural-abundance NMR measurements lie within the 
range of 20”-40°. (48, 74-76) The third method (72) for overcoming the 
saturation effects due to long T I  times consists of using multiple pulse 
sequences. These are effective under conditions such that TI Z T, 9 T:, 
where is the experimental transverse relaxation time corresponding to 
the actual signal-width. Such methods have not yet been tried in 15N 
NMR spectroscopy. Multiple pulse sequences in the PFT method may 
be (72) and have been (73) profitably used for the determination of T I  
relaxation times of I5N nuclei. 

Attempts have been made (66, 70) to ascribe changes in the nuclear 
Overhauser effect, in the proton-decoupled 15N spectra of labelled 
glycine at various pH values, to proton exchange modulation and to 
changes in rotational correlation times. Thus, the NOE was suggested 
as a new source of information about proton exchange rates and 
molecular rotations. However, it was shown recently (78) that the pH 
dependence of the NOE resulted from the presence of traces of 
paramagnetic impurities in the samples of glycine, and a warning was 
advanced to alert investigators of the NMR properties of I5N-labelled 
amino acids and peptides to the effect of traces of paramagnetic 
impurities. A convenient method for the removal of such contaminations 
has been reported. (78) 

The application of the PFT technique to I4N spectra is less effective 
than for I5N because of the quadrupolar relaxation of I4N nuclei which 
results in a large range of signal widths, from less than 1 Hz to several 
kHz, depending on the molecular environment of the I4N nuclei. The 
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gain in signal intensity in the PFT method, as compared with the CW 
method, may be expressed (79) in terms of the signal-to-noise (S/N) 
ratio obtained during the same time of spectra accumulation as: 

where 
- [ 1 - exp(-x)I’) 

x 1 -exp(-2x) 

and 

In these equations Av is the spectral range of frequencies considered, 
A V , , ~  is the signal half-height width in Hz, TI is the spin-lattice relaxation 
time and A is the acquisition time of the free induction decay. For 
quadrupolar nuclei in liquids, usually T ,  = T :  = T,, where T, is defined 
by equation (35), so that TI = ( ~ A v ~ , ~ ) - l .  Equations (24) to (26) indicate 
that the maximum gain factor is: 

since G(x) < 1, and that it must be different for signals of different 
widths. Moreover, it is realized only for G(x) z 1, i.e. for sufficiently 
short acquisition times (high enough pulse repetition rates) relative to T I .  
Thus, I4N signal optimization in the PFT technique may be performed 
only for a chosen value of TI = T,, but the best value of A affects the 
spectral resolution, R = 1/A, and leads to broadening which may be 
significant for other signals in the spectrum, namely those with longer T 
values. Short acquisition times also give saturation effects in narrow 14$ 

resonance signals. The PFT technique is most profitably used (79) for 
the measurement of relatively long TI  values of I4N nuclei. 

An interesting method, which employs the PFT technique, has been 
proposed (80) for extracting I5N satellites from the proton spectra of 
compounds with 15N at natural-abundance in order to obtain the values 
of 15N-’H coupling constants. The method consists of alternatively 
generating lsN-decoupled and 15N-undecoupled proton free induction 
decays which are subsequently subtracted from one another. Thus, at 
least theoretically, the accumulated free induction decay should give, 
after a Fourier transformation, only the satellite peaks. This technique 
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has been successfully tested (8 1) for a number of amides and named the 
AISEFT (abundant isotope signal elimination by FT) method. 

High resolution spectra ISN in the solid state of (NH,),SO,, NH,NO,, 
and glycine have been reported from measurements based on pulsed 
decoupling of 'H nuclei. ( 5 5 )  

B. Differential saturation technique 

The main difficulties encountered in the measurement and analysis of 
I4N NMR spectra are concerned with the considerable range of signal 
widths and severe signal overlap. However, the information contained in 
the line-widths makes possible an insight into molecular structure which 
is quite independent of that obtained from nitrogen chemical shifts. In 
order to obtain accurate spectral parameters from 14N NMR spectra, 
such as chemical shifts and relaxation times, one has to consider the 
entire lineshape of the signals involved. This is because spectral points 
which are quite far away from the peak centre still carry much infor- 
mation about these parameters. This is even more important in those 
cases where the I4N signals are overlapping to  a considerable degree. 
Even a full lineshape analysis by an iterative fitting of theoretical curves 
to experimental data may be unsatisfactory from the point of either 
convergence or the magnitude of errors in the optimized parameters. 
However, this may be dealt with by taking advantage of changes in the 
resonance lineshapes which occur upon increasing the saturation level. 
Such changes depend on the quadrupolar relaxation times, in the case 
of I4N nuclei, and are usually quite different for nitrogen atoms at 
inequivalent sites. 

A simple differential saturation method has been proposed (63) in 
which the differential saturation effects are obtained at the same overall 
irradiation level due to  an audio-frequency modulation of the resonance 
frequency in the continuous-wave mode of operation. This results in the 
appearance of sidebands in addition to the centre band of the spectrum. 
By a judicious selection of the modulation index, the saturation of 
signals in the sidebands may be made to  amount to  10 - 0.1% of those 
in the centre band. The lineshape of such a combination of the centre 
band and the two closest sidebands may be adjusted to that 
corresponding to  the function: 

- (J,  - J2)(2J0)-1[ 1 + 47?73Vi ? V, - v)2 
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where i denotes the nucleus in question, vi is its resonance frequency, v, 
is the modulation frequency, and J,, are Bessel functions, of the first 
kind, of the modulation index. An iterative fitting of the function: 

f ( v )  = A  + Bv + C 1 G,(v)  
i 

has been performed where the first two terms describe the background, 
C is the vertical calibration factor and the summation over i involves all 
the nuclei represented in the spectrum. This method gives a good 
convergence even in the case of quite complicated I4N spectra. (63) The 
same technique has been adopted for obtaining high-precision data on 
the screening constant differences of a number of compounds used as 
references in the calibration of nitrogen NMR spectra (Table VII). An 
important advantage of this method is that it provides accurate 
estimates of both the shift and the relaxation times of the 14N nuclei. 

V. CORRELATION OF RELATIVE NITROGEN SCREENING 
CONSTANTS WITH MOLECULAR STRUCTURE 

Since (Id) there is no intrinsic isotope effect between I5N and 14N, as 
far as the screening constant is concerned, "N and I4N chemical shifts 
may be used interchangeably. A great deal of relative nitrogen screening 
constant data has accumulated since the last appearance of a detailed 
discussion (Id) of correlations between them and molecular structure. 
Apart from specific relationships between nitrogen nuclear screening 
and the electronic structure within various molecular systems, some 
general conclusions may be drawn from the experimental data. Solvent 
effects on nitrogen chemical shifts play quite an important role, as 
shown in Tables VII and VIII but these are only usually revealed for 
sufficiently dilute solutions. Most of the older chemical shift data (Id) 
refer to either neat liquids or concentrated solutions where solute-solute 
interactions are still large enough to partially obscure solvent effects. 

If the molecular environment of a nitrogen atom does not isolate it 
from direct intermolecular interactions, a range of about 10 ppm seems 
to be quite normal for solvent effects on the nitrogen chemical shift of a 
compound dissolved in a range of commonly used solvents. Some of 
them, like H,O, result in a shift value at one of the extremes of the range, 
sometimes as far as 20 ppm from other values, as in the case of pyridine 
(Table VII). Carbon tetrachloride seems also to give solvent effects 
which place the corresponding nitrogen chemical shift of the solute at 
the opposite extreme to that for aqueous solutions. This has been 
observed (Table VII) for CH,NO,, CH,CN and pyridine. The data on 
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solvent effects for CH,NO, and CH,CN show an almost linear 
correlation, but in opposite directions. Since solvent effects are quite 
important, caution is advisable when attempting to rationalize nitrogen 
chemical shift differences of the order of a few ppm in terms of 
intramolecular structural changes, especially if the measurements are 
carried out for either concentrated solutions or neat liquids because 
intermolecular effects may account for a considerable fraction of such 
small shifts. 

A general trend, which is observed in the nitrogen screening constants 
of a large variety of structures, consists of a decrease in screening along 
the sequence: 

N-CH,, N-CH,R, N-CHR,, N-CR, 
+ 

decrease in nitrogen screening 

where R is an alkyl group. (Id, 83) This may be called the p-effect, 
which is very helpful for locating nitrogen containing functional groups, 
within a hydrocarbon chain from nitrogen NMR spectra. The nature of 
the effect is still obscure. Another trend which seems to be quite general 
involves a structural change when the lone electron pair at a nitrogen 
atom is replaced by a covalent bond. In a system where the nitrogen 

-1 Increase in 

-9 nitrogen 
1 N: (lone pair) - 

screening 

atom is engaged in a double or triple bond, almost invariably a shift to 
lower frequencies is observed. 

Nitrogen chemical shifts constitute a formidable means of differen- 
tiation between the various isomeric or tautomeric structures which are 
abundant in both organic and inorganic compounds of nitrogen, since 
relative differences in nitrogen screening constants are usually large. 
Sometimes they may reach several hundred ppm. 

A. Amines 
In spite of the considerable amount of data on nitrogen chemical 

shifts in aliphatic and aryl amines which have accumulated within the 
last four years (Tables VIII and IX), no new trends have been found 

I 
I 

-N - a-effect 

alkyl replacing H - y-effect 

C - &effect 

'i - 
7 
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T A B L E  V I I I  

Nitrogen screening constants of some aliphatic amines in ppm, referred to external neat 
nitromethane 

Compound 
Solvent 
or state 

Nitrogen 
screening 
constant Notes 

MeNH, 

Me,NH 

Me ,N 

gaseous 
inf. dil. Me,O 
inf. dil. Me,H 
inf. dil. Me,NH 
inf. dil. Et,O 
inf. dil. Me4C 
inf. dil. MeNH, 
inf. dil. Et,N 
inf. dil. Et,NH 
inf. dil. MeOH 
inf. dil. EtNH, 
neat liquid 
inf. dil. CCI, 
inf. dil. EtOH 
inf. dil. H,O 

gaseous 
neat liquid 

0.2 M, cyclohexane 
0.2 M, D M F  
0.2 M, DMSO 
0.2 M, CCI, 

gaseous 
neat liquid 

gaseous 
inf. dil. Me,O 
inf. dil. Me4C 
neat liquid 
inf. dil. Me,NH 
inf. dil. Et,NH 
inf. dil. MeNH, 
inf. dil. EtNH, 
inf. dil. NH, 
inf. dil. CCI 
inf. dil. EtOH 
inf. dil. MeOH 
inf. dil. H,O 
0.1 M, cyclohexane 
0.1 M, CDCI, 

+399.9 * 0.2 
+390.1 f 0.2 
+387.8 f 0.2 
+387.7 f 0.2 
+387.1 f 0.2 
+386.7 ? 0.2 
+385.5 f 0.2 
+385.4 f 0.2 
+385.1 f 0.2 
+384.4 f 0.2 
+384.2 f 0.2 
+381.93 f 0.14 
+381.9 ? 0.2 
+381.2 f 0.2 
+378*4 f 0.2 

+385.4 f 0.2 
+378.73 f 0.15 
+ 3 7 8 ~ 0  f 0.2 
+377,2 f 0.2 
+378*5 f 0.2 
+376*5 ? 0.2 
+376,4 f 0.2 

+373,8 f 0.2 
+371,2 f 0.2 

+372.8 ? 0.2 
+368,8 f 0.2 
+368.6 & 0.2 
+368.59 f 0.10 
+367.8 f 0.2 
+367.8 f 0.2  
+367.7 f 0.2 
+367.7 f 0.2 
+367.4 f 0.2 
+365.5 f 0.2 
+363.9 f 0.2 
+363.6 f 0.2 
+361.7 f 0.2 
+367.9 f 0.2 
+364.4 f 0.2 

a, c 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
b 
a 
a 
a 

c 
b 

d 
d 
d 
d 

c 

c 
c 

C 

e 
e 
b 
e 
e 
e 
e 
e 
e 
e 
e 
e 
d 
d 
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T A B L E  VIII-cont. 
Nitrogen 

Solvent screening 
Compound or state constant Notes 

PrNH, neat liquid +362.1 f 0.2 f 
BuNH, neat liquid +358.4 f 0.2 f 

neat liquid +359.2 f 0.2 g 
Me(CH,),NH, neat liquid +359.7 f 0.2 f 
i-BuNH, neat liquid +363.5 f 0.2 f 
H,NCH,CH,NH, neat liquid +364.8 f 0.2 f 
H,N(CHz),NHz neat liquid +360.3 f 0.2 f 
HJ’J(CHJ,NH, neat liquid +360.0 f 0.2 f 
H,N(CHz),NH, neat liquid +360.0 f 0.2 f 
H,N(CH,),NH, neat liquid +359.7 f 0.2 f 
HOCH,CH,NH, neat liquid +365.7 f 0.2 f 
MeOC H ,C H,NH , neat liquid +367.8 f 0.2 f 

P hC H,NH , neat liquid 1 +358.5 f 0.2 f 
PhCH2CH,NH, neat liquid +360.6 f 0.2 f 
Ph(CH,),NH, neat liquid +358.9 f 0.2 f 
CH,=CHCH,NH, neat liquid +361.6 f 0.2 f 
C yclopropyl-CH,NH, neat liquid +358.9 f 0.2 f 

NC-CH,CH,NH, neat liquid I +361.7 kO.2 (NH,) f 

i-PrNH, 
EtCH(Me)NH, 
PrCH( Me)N H, 
HOCH,CH(Me)NH, 
PhCH(Me)NH, 
Cyclopropylamine 
C yclobutylamine 
C yclopent ylamine 
C yclohexylamine 
Irons- 1,2-Diaminocyclobutane 
cis- I ,2-Diaminocyclobutane 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

+338.3 f 0.2 f 
+341.5 * 0.2 f 
+339.2 f 0.2 f 
+346.0 f 0.2  A s  
+338.1 f 0.2 f 
+352.6 _+ 0.2 f 
+331.1f 0.2 f 
+343.0 f 0.2 f 
+339.4 0.2 f 
+342.0 f 0.2 f 
+355.5 f 0.2 f 

f 
f 

I-BuNH, neat liquid +323.5 f 0.2 
HOCH,C(Me,)NH, neat liquid +332.9 k 0.2 

Et,NH 

MeNHEt 
MeNHBu 
Pr,NH 
Bu,NH 
i-Bu,NH 
Dipentylamine 
Dihexylamine 
Diheptylamine 
Diisopentylamine 
Pyrrolidine 

neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

+334.0 f 0.2 
+332.6 f 0.2 
+352.5 f 0.2 
+356.1 f 0.2 
+341.3 _+ 0.2 
+340.5 f 0.2 
+345.4 f 0.2 
+339.9 f 0.2 
+339.9 f 0.2 
+339.8 f 0.2 
+340.2 f 0.2 
+343.4 _+ 0.2 
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T A B L E  VIII-cont. 

Compound 
Solvent 
or state 

Nitrogen 
screening 
constant Notes 

Piperidine 

Piperazine 
Morpholine 

i-Pr,NH 
EtCH(Me)NHCH(Me)Et 

BuCH(Me)NHCH(Me)Bu 

i-PrNH-r-Bu 

Bu,N 
Me2NCH,CH,NMe, 
N-Me-piperidine 

,CH,CH,, 
\CH,CH, / 

o=c NMe 

Nicotine 

neat liquid 

satd. in dioxane 
neat liquid 

neat liquid 
neat liquid 

neat liquid 

neat liquid 

neat liquid 

neat liquid 
neat liquid 
neat liquid 

neat liquid 

neat liquid 

+342.6 f 0 . 2  f 
+341.6 f 0 . 2  L? 
+346.3 f 0 . 2  f 
+349.8 f 0 . 2  f 

+304.4 f 0 . 2  
+312.6 f O . 2  (meso) g 

+ 3 1 1 . 0 f 0 . 2  (meso) g 
+313.1 f 0 . 2  (DL) g 

+ 3 1 1 . 4 f 0 . 2  (DL) g 

+298.0 f 0 . 2  g 

+393.3 f 0 . 2  f 

+341.3 f 0 . 2  g 
+359.6 f 0 . 2  f 
+341.3 0 . 2  g 

+343.7 f 0 . 2  R 

+327.9 f 0 . 2  (NMe) f 

" Ref. 84, I5N spectra of labelled compounds, originally referred to external gaseous NH,, 
recalculated with NH, (neat liquid) shift of +381.93 ppm from neat CH,NO,; corrected for 
liquid volume susceptibilities. 

Ref. 61, I4N spectra, neat CHINO, external reference in concentric spherical sample 
containers in order to eliminate bulk susceptibility effects; differential saturation technique and 
full lineshape analysis as  in ref. 63, errors quoted are standard deviations for about 200 data 
points. 

Ref. 60, "N spectra of labelled compounds, originally referred to gaseous NH,, recalculated 
as in footnote (a) and extrapolated to 3OOC. 

Ref. 85, proton spectra of l5N-labeIled compounds, I5N decoupling; recalculated with 
CH,NH, (neat liquid) shift, +378.73 from neat CH,NO,, and (CH,),N (neat liquid) shift, 
+368.59 from CHINO,, ref. 61 Table VII. 

Ref. 86, "N spectra of "N(CH,), shifts corrected for liquid volume susceptibility, 
originally referred to gaseous (CH,),N, recalculated with (CH,),N (neat liquid) shift, +368.59 
from CH,NO,, ref. 61, see also Table VII. 

'Ref. 67, 15N natural-abundance spectra, concentric cylindrical sample tubes, no correction 
for bulk susceptibility effects; referred to what is reported as  cu. 10 M H"N0,; from data 
reported for this standard sample relative to (CH,),N@CIa in subsequent papers (34, 36) its 
shift is cu. +6.1  ppm from neat CHINO,; this corresponds to a HNO, concentration of 
between 1 M and 2 M, as  reckoned from data in Table VII ;  errors quoted are f 0 . 2  ppm, but 
comparison of results with those from ref. 36, suggests f 1 ppm as more realistic limits. 

Ref. 36, "N natural-abundance spectra, coaxial cylindrical sample tubes, no correction for 
bulk susceptibility effects; referred externally to what was reported as  cu. 12 M (CH,),N@CP 
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T A B L E  IX 

Nitrogen screening constants of some arylamines in ppm, referred to 
external neat nitromethane 

Solvent 
Compound or state 

Nitrogen screening 
constant Notes 

Aniline neat liquid +325.4 f 0.2 a, c 
12% in C6H6 +326.9 f 0.2 b 
25% in CCI, +325.9 f 0.2 b 

2-Me- 
3-Me- 
4-Me- 
2,3-Me,- 
2,4-Me1- 
2,5-Me1- 
2,6-Me,- 
3,4-Me,- 

3,5-Me,- 
2-CI- 
3-CI- 
2-Br- 
3-Br- 
2-Me0- 
2-CI-6-Me- 
2-Br-4-Me- 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
melt, 55OC 
satd., C,H6 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

+321.7 2 0.2 c 
+326.3 k 0.2 c 
+328.0 f 0.2  c 
+329.1 f 0 . 2  c 
+330.3 f 0.2 c 
+328.5 & 0.2 c 
+330.9 k 0 . 2  c 
+329.0 f 0.2 b 
+321.0 k 0.2 b 
+327.0 k 0 . 2  c 
+326.3 k 0 . 2  c 
+324.2 fO.2  c 
+321.1 k 0 . 2  c 
+323.4 k 0.2 c 
+335.9 k O . 2  c 
+328.5 k 0 . 2  c 
+323.6 k 0 . 2  c 

Ref. 67, see footnote (f) in Table VIII. 
Ref. 48, I5N natural-abundance spectra, originally referred to 

2.9 M IsNH,CI in 1 M HCI as external standard in a sealed capillary, 
recalculated to  CH,NO, scale through the aniline (neat liquid) shift in 
the Table; no corrections for bulk susceptibility effects are made. 

Ref. 68, IsN natural-abundance spectra, originally referred to 
“external H”N03” which is probably the same standard as in ref. 67, 
for comments see footnote (f) in Table VIII. 

compared with those discussed in our previous review (ref. Id, p. 174- 
184). The existence of the p-effect on the shifts of the amino group, 
which results in a high-frequency shift of the nitrogen resonance signal 
upon replacing the corresponding H atom with an alkyl group, seems 
now to be well proven. A regression analysis of the shifts has been 

in D,O, but since the solubility of the latter at ambient temperatures is ca. 6 M, this is a more 
probable value; recalculated to CH,NO, scale with (CH,),NCI (6.03 M) shift, +336.69 ppm, 
ref. 61, Table VII,  which is in a very good agreement with the value reported in ref. 36, 
assignments of meso and DL forms may be reversed; accuracy quoted is k0.2 ppm, but 
comparison with data in Table VII (61) suggests that it is not better than k0.6 ppm. 
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attempted (67, 36) in terms of the a, p, y and 6 effects on the shifts, and 
the following values are reported (36) after some modifications of earlier 
(67) considerations : 

introduction of an alkyl relative shift 
group into position in ppm 

a 

P 
Y 
U 

-7.8 
-18.6 

+2.4 
-2.5 

However, the results are obtained for neat liquids, and the absolute 
values below 10 ppm should be treated with some suspicion, because of 
the possible solvent effects in a situation where each compound is a 
solvent for itself and there are as many solvents as compounds. 

The nitrogen screening constants for the simplest alkyl amines in the 
gaseous phase, CH,NH,, (CH,),NH, (CH,),N as well as those of some 
simple alkylammonium ions have been calculated (30) using the valence- 
bond (VB) formalism and the AEE approximation to yield a reasonable 
fit with the experimental differences, relative to gaseous NH,, by varying 
the value of the mean excitation energy. A purely empirical approach 
has also been used (30) to express the shifts (referred to that of NH?) in 
terms of four parameters: 

A(L)-lone pair effect, +42.0 ppm; 
A(Me)-Me group effect, + 1.0 ppm; 
A(Me-L)-effect of interaction between Me and lone pair, -3.5 
PPm; 
A(Me-Me)-effect of interaction between Me groups, -8.0 ppm. 

These values represent the results of a least-squares fit to experimental 
data. The importance of such calculations lies not in the numerical 
values themselves, which may carry uncertainties due to solvent effects 
on the shifts of the alkylammonium ions and NHP (Table VII), but in an 
indication of the role of interactions between alkyl groups and between 
lone electron pairs and alkyl groups in the determination of the shift of 
the amino group. Thus, a simple regression analysis (36, 67) seems to 
have little significance with respect to the a-effect. 

A regression analysis has also been tried (48, 68) for the nitrogen 
chemical shifts of a number of substituted anilines (Table IX). The 
following values of increments (in ppm) to the shifts of neat PhNH, are 
reported: 

Me CI Br OMe 

ortho 
meta 
para 

+2 .37  +0.92 -4.22 + 10.51 
+0.77 -1.17 -1.95 - 
+2.55 - - - 
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Since these results are based on the data for neat liquids, similar 
objections may be made as those for the case of alkyl amines. Since the 
range of the shifts (Table IX) is less than 10 ppm, if we exclude the shift 
of 2-methoxyaniline, any correlations with either INDO-MO calculated 
electron densities for isolated molecules (48) or with the I3C and I9F 
chemical shifts of the corresponding toluenes and fluorobenzenes (68) 
may be of little significance. 

B. Aminosilanes and aminoboranes 
A great deal of experimental data on the nitrogen chemical shifts of 

aminosilanes and aminoboranes have been reported in the review period 
(Table X). Unfortunately, there are indications (see footnotes d and e in 
Table X) that the accuracy of a considerable part of the data is not high 
enought to seriously consider changes in the shifts that are smaller than 
10 ppm. 

An important question concerning the nitrogen chemical shifts of 
aminosilanes is whether the spectral data can give indications of the 
existence of nitrogen-silicon donor-acceptor bonds. (87,88) In the case 
of two silatranes [ I ]  a high-frequency shift of about 9 ppm has been 

/CH2CH20 \ 
N-CH,CH,O-'Si-R R = H, CH, 

\ / 
CH,CH,O 

observed (Table X, note b) upon replacing a hydrogen atom with a 
methyl group which is reminiscent of the well-known p-effect. This has 
been explained as being due to the existence of a N + Si transannular 
bond so that the system 

N + Si-R 

may exhibit the 0-effect on the nitrogen chemical shift through the Si 
atom. (88) 

The shifts of R,SiCH,NH, compounds (R = Me, OEt) fall within the 
range of +376 k 1 ppm (87) whilst those for R,SiCH,CH,NH, and 
R,SiCH,CH,CH,NH, are +349 k 1 and +356 k 1, respectively. Those 
for longer alkylamino side-chains are within the normal range of shifts of 
-CH,-NH, groups, +360 k 5 ppm. This may indicate that some 
intramolecular interactions of the donor-acceptor type may exist 
between N and Si in the R,SiCH,CH,NH, compounds since the shift, 
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T A B L E  X 

Nitrogen screening constants of some aminosilancs and aminoboranes in ppm, referred to 
external neat nitromethane 

Solvent Nitrogen screening 
Compound or state constant Notes 

Me,SiCH,NH, 
Me,Si(OEt)CH,NH, 
MeSi(OEt),CH,NH , 
(EtO),SiCH,NH, 
Me,SiCH,CH,NH, 
(EtO),SiCH,CH,NH, 
Me,SiCH,CH,CH,NH, 
Me,Si(OEt)CH,CH,CH,NH, 
MeSi(OEt),CH,CH,CH,NH, 
(EtO),SiCH,CH,CH,NH, 
Me,SiCH,CH,CH,CH,NH, 

CH ,CH ,O 

/ 

/ 
N-CH,CH,OSiMe 

CH,CH,O 

Et,SiNH, 
Me,SiNHMe 
Me,SiNHEt 
Me,SiNH-i-Pr 
Me,SiNH-s-Bu 
Me,SiNH-r-Bu 
Me,SiNHPh 
Me,SiNMe, 
Me,SiNEt, 
Me,SiN(i-Pr), 

Me3Si/IH2 

Me,SiN(CH,), 
(Me,Si),NH 
(Me,Si),NMe 
(Me,Si),NEt 
(Me,Si),N-i-Pr 
(Me,Si),N-f-Bu 
(Me,Si),NPh 
(Me,CISi),NH 

/ 

' H, 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

+376 f 3 
+376 f 3 
+378 f 3 
+377 f 3 
+348 f 3 
+349 f 3 
+355 f 3 
+355 f 3 
+355 f 3 
+356 f 3 
+357 f 3 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

+358 f 4 b 

+349 * 4 b 

+373 f 1 
+377 f 5 
+347 f 5 
+334 f 5 
+342 f 5 
+325 f 5 
+324 f 5 
+378 k 5 
+347 f 5 
+318 f 5 

C 

d 
d 
d 
d 
d 
d 
d 
d 
d 

+368 f 5 d 

+345 f 5 d 
+355 f 5 ;  +352 f 2 
+374 f 5 ;  +361 f 3 

d, c 
d, c 

+344 f 5 d 
+327 f 5 d 
+320 f 10 d 
+291 k 10 d 
+326 f 5 d 
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T A B L E X-cont. 

Compound 
Solvent 
or state 

Nitrogen screening 
constant Notes 

Me,CISiNHSiMe, 
MeCI,SiNHSiMe, 
CI,SiNHSiMe , 
(CI,Si),NH 
Me,CISiN(Me)SiMe, 
CI,SiN(Me)SiMe, 
(Me,CISi),NMe 
MeCI,SiN(Me)SiMe, 
MeCI,SiN(Me)SiMe,CI 
(CI,MeSi),NMe 
(MeO),SiNHSiMe , 
(MeO),SiNHSi(OMe), 
Me,Si(NHMe), 
(Me,SiNH), 
(Me,SiNH), 
(Me,SiNMe), 
(Me,Si),N 
Me,Si(NMe,), 
MeSi(NMe,), 
Si(NMe,), 

Me ,BNHSiMe, 
Me ,BN (Me)SiMe I 

Me,BN(Et)SiMe, 
Me,BN(i-Pr)SiMe , 
Me,BN(s-Bu)SiMe, 
Me,BN(t-Bu)SiMe, 
Me,BN(Ph)SiMe, 
Me,BN(SiMe,), 

B-NHSiMe, G 
Et,BNHSiMe, 
Ph,BNHSiMe, 
Ph,BN(Me)SiMe, 
MeB(-NMe-SiMe ,)* 

M e ( y e 3  
NSiMe, 

Ph B /” -sr; 
\ I  
NH-SiMe, 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 

CH,CI, 

+348 f 5 
+328 f 5 
+322 f 5 
+297 f 5 
+341 _+ 5 
+340 f 5 
+338 _+ 5 
+337 f 5 
+338 f 5 
+318 f 5 
+369 f 1 
+380 f 3 
+367 f 5 
+347 f 5 
+336 f 5 
+336 f 5 
+348 _+ 5; +345 f 2 
+374 f 5 
+371 f 5 
+370 f 5 

+286 f 5 
+291 f 5 
+264 f 5 
+260 f 5 
+261 f 5 
+26I f 5 
+254 f 5 
+285 f 5 

+280 _+ 5 

+292 f 5 
+284 f 10 
+294 f 10 
+305 f 10 

+309 f 5 

+314 f 5 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
c 
c 
d 
d 
d 
d 

d 
d 
d 

d 
d 
d 
d 
d 
d 
d 
d 

d, c 

d 

d 
d 
d 
d 

d 

i? 
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T A B L E  X-cont. 

Solvent Nitrogen screening 
Compound or state constant Notes 

NH-BPh 
/ 

Me$ \NH 
\ /  
NH-BPh 

Me 
/ N I S i M e ,  

MeBh,SiMel 
Me 

MeB(Br)-N(SiMe,), 
CIB[N(SiMe,),l, 
B(-NMe-SiMe,), 
AI[N(SiMe,),l, 
(PhBNH), 

/CHzCH20 \ 
N-CH,CH,O-B 
\. / CH,CH,O 

/CH2CH2CH20 \ 

B(NHMe), 
B(NH Et), 
B(NHPr), 
B(NH-i-Pr), 
B(NH-s-Bu), 
B(NH-I-Bu), 
I ,8,10,9-Triazaboradecaline 
HB(NMe,), 
MeB(NMe,), 
EtB(NMe,), 
PrB(NMe,), 
BuB(NMe,), 

CH,CI, 

neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
CH2C1, 

CH,CI,, 0.5 M 

CH,CI,, 0.5 M 

neat liquid 
neat liquid 
CH,CI, 
CH,CI, 

CH,CI, 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
benzene 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

+296 f 5 g 

+311 f 5 

+280 f 5 
+326 f 10 
+325 f 10 
+314 f 10 
+272 f 5 

+328 f 5 

+340 f 5 

+369 f 5 
+348 f 10 
+342 f 10 
+336 f 10 

+313 f 10 

+356 f 5 
+349 f 5 
+340 f 10 
+330 f 10 
+330 f 10 
+297 f 10 
+335 f 10 
+343 f 5 
+341 f 5 
+341 f 5 
+344 f 5 
+337 f 10 

d 

b 

b 

e 
e 
e 
e 

e 

e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
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T A B L E  X-cont. 
~~~~ 

Solvent Nitrogen screening 
Compound or state constant Notes 

PhB(NMe,), 

MeB(NEt,), 
EtB(NEt,), 
PhB(NEt,), 
MeB(NHMe), 
BuB(NHMe), 
PhB(NHMe), 
MeB(NHEt), 
MeB(NH-i-Pr), 
Me,BNMe, 
Et,BNMe, 
Bu,BNMe, 
Ph,BNMe, 
Me,BNEt, 
Et,BNEt, 
Ph,BNEt, 
Me,BNHMe 
Me ,B NHEt 
Me,BNH-i-Pr 
Me,BNH-I-Bu 
Me,BNH(cyclohexyl) 
Me ,B NH P h 
Me,BNH-C,H,-Me0 

Me,B-N 

HB(NEt,), 

3 
M e , B - N g  

Me,B-N 3 
n 

n 
Me2B-NWNMe 

Me,B-N N-BMe, 
L J  

Me,BN(Me)-cyclohex yl 
Me,BN(Me)Ph 
Bu,BNH, 
Et,BNH, 

benzene 
neat liquid 
neat liquid 
neat liquid 
benzene 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
benzene 
benzene 
neat liquid 
neat liquid 
benzene 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

neat liquid 

neat liquid 

neat liquid 

neat liquid 

neat liquid 

neat liquid 
neat liquid 
neat liquid 
neat liquid 

+286 f 10 
+295 ? 10 
+300 ? 10 
+301 f 10 
+289 f 10 
+355 f 5 
+345 f 5 
+318 f 10 
+304 f 5 
+291 ? 10 
+300 ? 5 
+306 ? 5 
+311 f 10 
+261 f 10 
+263 ? 5 
+266 ? 5 
+219 10 
+286 f 5 
+ 2 8 1 ?  5 
+263 ? 5 
+248 f 5 
+259 f 5 
+259 f 5 
+261 f 5 

+216 f 5 

+218 f 5 

+265 ? 5 

+214 f 5 
+344 f 5 

+262 f 5 

+266 ? 10 
+276 _+ 5 
+309 f 5 
+299 f 5 

e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 

e 

e 

e 

e 
e 

e 

e 
e 
e 
e 
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T A B L E  X-eont. 

16 I 

Solvent Nitrogen screening 
Compound or state constant Notes 

B(NHNMe,), 

MeBWHNMe,), 

Me,BNHNMe, 

(Et,B),NH 
(Et,B),NMe 
(Ph,B),NH 
(Ph,B),NMe 
CIB(NMe,), 
BrB(NMe,), 
WNMe,) ,  
W N E t , ) ,  
CIB(NEt,), 
BrB(NEt,), 

CI,BNMe, 
Br,BNMe, 
I,BNMe, 
CI,BNEt, 
Br,BNEt, 
I,BNEt, 
F,BN-i-Pr, 

WNEt , ) ,  

H,N-BH, 
H,N-BMe, 

MeH,N-BH, 
MeH,N-BMe, 
MeH,N-BEt, 
Me,HN-BH, 
Me,HN-BMe, 
Me,HN-BEt, 
Me,N-BH, 
Me,N-BMe, 
Me,N-BEt, 

H,N-BEt, 

PH-BH, 
LNH-BMe,  

E N H - B E t ,  

CCI, 

benzene 

benzene 

benzene 
neat liquid 
benzene 
CH,CI, 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 

MeOCH,CH,OMe 
neat liquid 
neat liquid 
MeOCH,CH,OMe 
MeOCH,CH,OMe 
neat liquid 
MeOCH,CH,OMe 
neat liquid 
neat liquid 
CH,CI, 
CH,CI, 
CHCI,CHCI, 

MeOCH,CH,OMe 

neat liquid 

neat liquid 

+321 f 5 
+277 f 5 
+317 f 5 
+252 f 5 
+313 f 5 
+221 f 5 
+254 f 5 
+251 f 5 
+244 f 10 
+214 f 10 
+341 & 5 
+284 f 5 
+293 f 10 
+371 f 10 
+308 f 10 
+289 f 10 
+275 f 10 
+301 f 5  
+263 f 5 
+259 ? 5 
+269 _+ 5 
+251 f 5 
+242 f 5 
+299 f 5 

+374 f 5 
+340 2 5 
+356 _+ 5 
+371 f 5  
+339 f 5 
+347 & 5 
+364 f 5 
+348 f 5 
+360 f 10 
+344 _+ 5 
+349 f 5 
+349 f 10 

+381 ? 5 

+361 f 5 

+363 ? 5 

e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

f 

f 

f 
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T A B L E  x--cont. 

Solvent Nitrogen screening 
Compound or state constant Notes 

NH-BH, C 
Et,N-BH, 
EtH2N-BMe, 
i-PrH2N-BMe, 
r-BuH2N-BMe, 

CH,CI, +336  f 5 f 

neat liquid +339 * 5 f 
neat liquid +326 ? 5 f 
neat liquid +298 ? 5 f 
neat liquid +290  f 5 f 

Ref. 87, I4N spectra, referred to external CHINO2. 
Ref. 88, 14N spectra, referred to external CHINO2. 
Ref. 89, 14N spectra, referred to internal CH,N02; no correction is applied to the data in 

this Table. 
dRef. 90, 14N spectra, originally referred to saturated aqueous NaNO,, +3 .7  ppm from 

neat CH,NO, (Table VII), as external standard. 
PRef. 91, 14N spectra, as in footnote (d); accuracy is reported as ?2 ppm for signals of 

width below 300 Hz and f5 ppm otherwise, however, shifts reported in this work for a number 
of simple amines show discrepancies with the results of precise I4N and lJN measurements 
(Tables VII and VIII) which make f5 and f10 ppm.limits more reasonable; recalculation of 
shifts to external CH,N02 scale (this does not introduce an error larger than 0 . 2  ppm) gives 
for (CH,),N in H20,  +369 ppm (ref. 91) and +361 .7  (Table VII), for neat BuNH,, +353 ppm 
(ref. 91) and +359 .2  ppm (Table VII), for NH, in H20,  +380  ppm and 378.4 ppm, respectively, 
for NH, in Et20, +380  and +387 .1  ppm, respectively, for neat Et2NH, +340 and +334 .0  ppm, 
respectively; this should also apply to results from footnotes (d) and (f). 

’Ref. 92, I4N spectra, as in footnotes (d) and (e). 
8 Ref. 93, spectra, as in footnotes (d) and (e). 

+349 ppm, is almost the same as in the case of methylsilatrane. One 
should note, however, that the nitrogen chemical shifts of this class of 
compounds are only slightly to high frequency of those for the 
corresponding amines, and the differences do not exceed 7 ppm. 

The shifts of silylamines of the type R,SiNR, (Table X, notes c and d) 
show the same /3-effect as found in the case of amines, i.e., a high 
frequency shift along the sequence: 

N-Me + N-Et + N-i-Pr -+ N-t-Bu 

A direct comparison with amines which have a hydrogen atom instead 
of the SiR, moiety, made in ref. 90, does not seem to be of much 
significance since it neglects hydrogen bonding effects, not to speak of 
the obvious differences between H and SiR,. A survey of the data in 
Tables VIII and X indicates that as far as nitrogen chemical shifts are 
concerned, the trialkylsilyl group roughly corresponds to the CH, 
group. 
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The chemical shifts in the silylaminoboranes, R,B-N(R')SiMe, 
(Table X, note d), are to much higher frequencies than those of the 
amines. (90) The shifts are rather insensitive to changes in R, but they 
show the p-effect upon changes in R'. The same effect has been observed 
(91) for some aminoboranes, R,B-NRS (Table X, note e). The chemical 
shifts of the aminoboranes have been discussed (91) in terms of the 
delocalization of the lone electron pairs of the nitrogen atoms in the 
structural systems [21 to [51. 

121 I31 I41 151 

The nitrogen chemical shifts of the tetracoordinate boron-nitrogen 
adducts, R,B + NRj (Table X, note f), have been measured. (92) If we 
compare the data for the corresponding amines (Table VIII) with those 
for the adducts, high-frequency shifts are observed upon the formation 

T A B L E  X I  
Nitrogen screening constants of some ammonium ions in ppm, referred to external neat 

nitromethane 

Compound 
Nitrogen screening 

Solution constant Notes 

NH,O(CI@, NO?) 
MeNHy ( C P )  
Me,NHp (CIo) 
MelNH@ (CI@) 
Me,N@ ( C P )  

Me,N@ (Io) 

Me,N@CH,COOQ 
Me,N@CH,CH,OH ( C P  
Et,N@ (CIo) 

H,O, HCI, HNO, 
5 ~ h l ~ H C l  
5 M h l M H C 1  
5 M h l M H C I  
0.30 M in H,O 
6.03 M in H,O (satd.) 
satd. in H,O (?) 
0.30 M in H,O 
cu. 0.3 M in H,O 
0.2 M in H,O, pH 7.10 
0.1 M in H,O, pH 7. I 
0.30 M in H,O 
4.58 M in H,O (satd.) 

) 

+359.1 to +349.9 
+357.4 f 0.3  
+355.3 f 0.3 
+348.1 f 0.3 
+337.67 f 0.11 
+336.69 f 0.09 
+336.7 f 0.2 
+337.31 f 0.13 
+337.8 f 0.2 
+335 f I 
+333 f 1 
+316.29 f 0.13 
+315.84 0.09 

U 

b 
b 
b 
C 

c 
d 

d 
e 
e 

c 

c 
C 

" See Table VII. 
Ref. 94, IJN spectra of labelled compounds, originally referred to liquid NH,, +381.93 ppm 

Ref. 61, see also Table VII for comments; I4N spectra, concentric spherical sample 

Ref. 36, natural-abundance lJN spectra; (CH,),NCI concentration reported as 12 M, 

Ref. 82, I4N spectra, see footnote (b) in Table XII. 

from neat CHINO,, Table VII; no bulk susceptibility correction. 

containers. 

probably saturated, i.e., cu. 6 M in water. 
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of the latter. A rather good linear correlation is found (92) between the 
14N and I1B chemical shifts of the adducts as well as between the 
nitrogen chemical shifts of the adducts and the 13C chemical shifts of the 
isoelectronic alkanes. 

C. Ammonium ions 
Relatively little new information on the shifts of ammonium ions has 

been reported (Table XI) compared with the volume of older data (ref. 
Id, pp. 179-1 84). However, precise measurements of the nitrogen 
chemical shift of the NHP ion (Tables VII and XI) indicate that the shift 
is quite dependent on the gegenion and on medium effects (61, 218) 
(Section 111). There is an evident @-effect on the shift of NRP when R = 
CH, is replaced by R = C,H, (Table XI). The protonation of an amine 
usually results in a high frequency shift of the nitrogen resonance, but 
the magnitude of the effect is variable. 

D. Amino acids, peptides and related structures 
During the review period, amino acids and their derivatives have been 

extensively investigated by means of nitrogen NMR spectroscopy. 
Amino acids contain amino groups which,’ under appropriate conditions, 
may be protonated to give the corresponding ammonium ions. Peptides, 
in addition to possessing terminal amino groups or their derivatives, 
contain amide-type nitrogen atoms in their peptide links. Distiction 
between the latter and the former by nitrogen NMR is usually 
straightforward since the amide-type nitrogen atoms give resonance 
signals at appreciably higher frequencies, by ca. 100 ppm, than those for 
the amino groups and ammonium ions (Tables XI1 and XIII). 

Amino acids exist in several forms in aqueous solutions, such as those 
for the simplest amino acid, glycine [61. The forms present depend upon 

NHFCH,COOH 

/ \ ca. +35 1 pprn 1 
NH?CH,COOa + NH,CH,COOH I 

NH,CH,COO@ }ca. +363 ppm 

[61 

the state of protonation of the amino and carboxyl moieties, thus the 
corresponding chemical shifts in nitrogen NMR are dependent on the 
pH of the solution, particularly if more than one form is present in the 
solution. 15N measurements on aqueous glycine within a pH range of 
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T A B L E  XI1 

Nitrogen screening constants of some amino-acids in ppm (+O-3) referred to external neat 
nitromethane 

Compound 
Nitrogen screening 

Solvent constant Notes 

Glycine 

Alanine 

~ a ~ i i e  

Leucine 

Iso-Leucine 
Serine 

Threonine 
Aspartic acid 

Asparagine 

Glutamine 

Glutamic acid 

Lysine 

H,O, pH 0.5 
pH 2.8 
pH 3.7 
pH 6.0 
pH 6.3 
pH 6.6 
pH 7.25 
pH 13.6 

H,O, 6 M HCI 
6 M NaOH 

+352.2 
+351.0 
+350.4 
+350.4 
+350.2 
+350.1 
+352 (+?) 
+362.6 
+350.4 
+354.7 

+337. I 
+337.3 
+338 (+?) 

H,O, 6 M HCI 
H,O 
H,O, pH 7.42 

+344.0 
+344.1 
+345 (+?) 

H,O, 6 M HCI 
H,O, pH 7,47 

+338.7 
+342 (+?) 

H,O, pH 7.47 
H,O, pH 2.4 

pH 7.14 
H,O, pH 7.05 
H,O, 6 M HCI 
H,O, pH 7.29 
H,O, pH 0.8 

H,O, pH 7.26 

H,O, pH 1 .O 

H,O, pH 7.35 

H,O, 6 M HCI 
H,O, pH 7.50 
H,O, pH 2.6 

H,O,pH 7.38 

+340 (k?) 

+346 (k?) 
+348 (+?) 

+342 (k?) 

+344.0 

+340.3 

+338.1 (CHNHY) 
+268.1 (CONH,) 
+339.7( f?)  (CHNH,) 
+267.9 (k?) (CONH,) 
+323.5 (CHNHP) 
+251.7 (CONH,) 
+340 (f?) (CHNH,) 
+270 (+?) (CONH,) 
+338.9 
+338 (k?) 
c345.9 (a) 
+338.9 ( E )  

+341 (+?)(a) 
+348 (??) ( E )  

a 

a 
a 

a 
b 

a 

a 

a 
C 

c 

C 

C 

b 

c 
c 
b 

c 
b 

b 
d 
b 
b 

b 
d 
d 
b 
b 
d 
d 
b 
b 

b 
d 
d 
b 
b 

c 

C 
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TABLE XII-cont. 

Compound 
Nitrogen screening 

Solvent constant Notes 
- 

Hydroxy-lysine 

Histidine 

Arginine 

Phen ylalanine 

Tyrosine 

Tryptophan 

Cysteine 

Cystine 
Cysteic acid 
Methionine 
Ethionine 
Proline 
Hydroxy-proline 
Ornithine 

a- Aminobutync acid 
a, y-Diarninobutyric acid 

Citrulline 

Taurine 
Penicillamine 
3-Nitrotyrosine 
Ethylglycinate hydrochloride 

H,O. pH 7.20 

H,O, pH 7.09 

H,O, pH 2.1 

H,O. pH 7.45 

H,O 
H,O, pH 7.2 

pH 9.4 
H,O, 6 M HCI 
H,O. pH 10.56 
H,O, pH 7.15 

H,O, pH 0.0 
pH 7.32 

H,O, pH 10.58 
H,O, pH 7.20 
H,O, pH 7.10 
H,O, pH 10.80 
H,O, pH 7.35 
H,O, pH 7.50 
H,O, 6 M HCI 
HZ0 
H,O, pH 7.15 

H,O, pH 7.2 
H,O, pH 7.42 

H,O, pH 0.1 

H,O, pH 7.20 
H,O, pH 3.83 
H,O pH 10.59 
H,O, pH 0.5-7.3 

+342 (+?)(a) 

+341 (+?) 
+203 (A?) (irnido-N3) 
+I53  (&?)(imido N I )  
+338.7 (a) 
+307.4 ( w )  
+294.9 (imino-&) 
+341 (+?) (a) 
+318 (&?)(others) 

+352 (f?) 
+329 (+?) 
+340.5 
+318 (+?) 
+349 (+?)(a) 
+299 (+?) (NH)  
+338.1 
+341 (+?) 
+339 (+_?I 
+342 (&?)  
+341 (+?) 
+347 (+?) 
+328 (+?) 
+329 (&?) 
+338.9 (a) 
+339.1 (a) 
+345 (+?)(a) 
+349 (f?)(6) 
+342 (+?) 
+342 (+?)(a) 
+349 (+?) ( y )  

+354 ( & ? )  ( E )  

+341.0 

+340-9 (c) 
+304.0 ( w )  
+291.7 (imino-6) 
+349 (k?) 
+342 (+?) 
+343 (+?I  (NH,) 
+353.1 

b 
b 
b 
b 
b 
d 
d 
d 
b 
b 

b 
b 
c 
b 
b 
b 
d 
b 
b 
b 
b 
b 
b 
b 

c 
b 
b 
b 
b 
b 
d 
d 
d 
b 
b 
b 
a 

c 

c 

Ref. 66, ISN spectra of labelled glycine; originally referred to what is reported as external 
10 M HISNO,, +6.1 ppm from neat CHINO,, probably ca. 2 M HNO,; for comments see 
footnote (f) in Table VIII; similar measurements for glycine are recorded in ref. 70, and 
referred to what is reported as saturated aqueous 15NH,CI, but recalculation according to 
Table VII gives a discrepancy of ca. 9 ppm with the data from ref. 66, reasonable agreement 
may be obtained by assuming that saturated aqueous NH,NO,, not NH,CI, has actually been 
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0.5 to 13.6 (66, 70), (Table XII), indicate that the shift of the NHY 
group is almost the same in the cation and in the zwitterion, ca. +351 
ppm, whilst the NH, group (in alkaline solutions) is characterized by a 
shift of about +363 ppm. The same has been observed in lSN doubly- 
labelled glycylglycine, (96) where the corresponding values are about 
+353 and +364 ppm (Table XIII). The amide nitrogen atom in 
glycylglycine (96) shows a difference in its nitrogen chemical shift 
depending on the state of the carboxyl moiety, ca. +264 ppm in 
RCONHCH,COO@, and ca. +270 ppm in RCONHCH2COOH. Thus, 
the processes of protonation and deprotonation of NH,, NHY, COO@ 
and COOH, respectively, are independently visible in the nitrogen NMR 
spectra of such peptides. 

The inertness of the nitrogen chemical shift of the NHY moiety to the 
state of the carboxyl group has been shown for a number of amino acids 
(95) (Table XII, note c). The entire range of occurrence of NHF and 
NH, signals is about +335 to +365 ppm (Tables XI1 and XIII). The 
data on some simple dipeptides (74) indicate that the amino resonance 
can prove useful as a means of identification of N-terminal residues in 
the peptides (Table XIII). 

The nitrogen atoms which are involved in peptide linkages are 
characterized by a range of nitrogen chemical shifts from about +250 to 
270 ppm (Tables XI1 and XIII). In simple dipeptides, (74) the shift is 
dependent on the nature of the C-terminal residue as well as on the 
nature of the preceding N-terminal residue. 

The pH-dependent equilibrium in aqueous solutions of arginine has 
been interpreted (69) in terms of the observed I5N chemical shifts, 
shown in 171 to [ 101. However, it is not clear why the signal at the lowest 
frequency, +349 ppm from CH,NO, observed at pH 13.5, should not 
be assigned to the -CH(NH,)COO@ moiety rather than to the guanidine 
residue, and that at +295 ppm to an averaged signal of the 
H,NC(=NHt group. The data given in Table XV suggest that the 
used (see Table VII), the glycine used in both ref. 66, and ref. 70. is probably contaminated with 
traces of paramagnetic impurities, as shown in ref. 78. 

Ref. 82, I4N spectra, superconducting solenoid operating at 7.5 T, pulsed Fourier- 
transform technique; originally referred to external NO? ion in 4.5 M NH,NO, in 3 M HCI. 
+6.30 ppm from neat CH,NO, according to Table VII; concentrations in H,O ca. 0 . 1 4 . 2  M ;  

errors in chemical shifts not reported, probably from ? 1 to 10 ppm depending on signal width 
and signal overlap. 
‘ Ref. 95, ”N spectra of labelled amino acids, referred to glycine in H,O at isoelectric point, 

+350.1 ppm from neat CH,NO, (this Table). 
Ref. 69, natural-abundance ”N spectra: assignments based upon decoupling effects; 

originally referred to “external HNO,”, recalculated to neat CH,NO, with the valine shift of 
+344.0 ppm (this Table): thus, “external HNO,” shift should be ca. +8.1 ppm from neat 
CH,NO, which corresponds to ca. 4 M HNO,, Table VII. 
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T A B L E  XI11 

Nitrogen screening constants of son' peptides in ppm, referred to external neat nitromethane 

Screening constants 

Amine-ammonium 
Compound Solvent nitrogen Amide nitrogen Notes 

Glycyl-glycine H,O, 1 4 . 0 5  M, 
pH 12-9.5 +364.5 f 0.2 (NH,) a 
pH 12-5 +264.4 f 0.2 

(CONHCH,COO@) a 
pH 7-2.5 +352.8 + 0.2 (NHY) a 
pH 1.5-1 +270.2 f 0.2 

(CONHCH,COOH) a 
0.2 M, pH 5.8 +353.3 f 0.2 +264.8 k 0.2 b 
0.2 M, pH 7.1 +356 (??) +268 (f?) c 

Alanyl-glycine 0.2 M, pH 5.6 +339.4 f 0.2 +264.8 ? 0.2 b 
Valy I-glycine 0.2 M, pH 5.9 +344.6 ? 0.2 +260.2 f 0.2 b 
Leucyl-glycine 0.2M.pH5.4 +341.2?0 .2  +261.5 ? 0.2 b 
Glycyl-alanine 0.2 M, pH 5.1 +352.8 ? 0.2 +250.3 k 0.2 b 
Alanyl-alanine 0.2 M, pH 6.2 +339.8 ? 0.2 +250.3 ? 0.2 b 
Valyl-alanine 0.2 M, pH 6.1 +345.0 ? 0-2 +247.0 f 0.2 b 
Leucy I-alanine 0.2 M, pH 5.4 +341.1 f 0.2 +248.4 f 0.2 b 
Glycyl-valine 0.2 M, pH 5.7 +353.0 f 0.2 +256.6 ? 0-2  b 
Alanyl-valine 0.2 M , ~ H  5.8 +339.5 f 0.2 +256.6 f 0.2 b 
Valyl-valine 0.2 M, pH 5.6 +345.0 f 0.2 +252.2 f 0.2 b 
Leuc yl-valine 0.2 M, pH 5.7 +341.2 f 0.2 +254.4 f 0.2 b 
Glycyl-leucine 0.2 M, pH 5 . 8  +353.3 f 0.2 +252.5 & 0.2 b 
Alanyl-leucine 0.2 M, pH 5.3 +339.5 ? 0.2 +253.1 f 0.2 b 
Valyl-leucine 0.2 M, pH 5 . 1  +345.3 ? 0.2 +249.3 k 0.2 b 
Leucyl-leucine 0.2 M, pH 5.0 +341.6 f 0.2 +250.6 f 0.2 b 
Glycyl-tyrosine 0.1 M, pH 7.1 +354 (+?) ? c 
Glycy I-histidine 0.1 M, pH 7.2 +358 (+?) ? C 

Glycyl-methionyl-glycine 0.1 M, pH 7.2 +354 (f?) ? c 

Ref. 96, "N spectra of doubly labelled glycyl-glycine, originally referred to external 4 M 
'$NH,O NO? in 2 M HNO,, +359.06 ppm from neat CH,NO,, Table VII; the entire 
titration curves are reported. 

Ref. 74, natural-abundance IJN spectra at 18.23 MHz, originally referred to external 1 .O M 
DIJNO,, +4.43 ppm from neat CH,NO,, Table VII. 

Ref. 82, see footnote (b) in Table XII. 

=NH signal of the guanidine residue should appear at about +200 ppm 
from CH,NO,. 

I5N NMR spectroscopy has started to probe into quite large 
molecular systems composed of amino acid residues. An investigation of 
the I5N spectrum of hemoglobin which is 15N enriched in the glycydyl 
residues (97, 220) reveals a doublet, 'J(N-H) = 94 Hz, at 271.1 ppm 
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+307 ppm +295 ppm 
HzN 7C-NH-(CHZ),-C H 4  OOH 

@‘I I I 
NHZ NHP 

[ 71 

H~N-C-NH-(CH,),-CH-COO@ 

+339 ppm 

+307 ppm +295 ppm 

@‘,I I 
NHZ NHP 

+307 ppm +295 ppm 
H 2N y C - N  H-( C H J34 H-COOG 

0: I I 
NHZ NHZ 

I91 
(?I PPm 

+349 ppm (?) +295 ppm 
. H Z N ~ - N H - ( C H ~ ) , - C H - C 0 0 @  

II I 
NH NHZ 

101 
+295 ppm (?) +349 ppm (?) 

169 

pH CU. 2.1 

pH CU. 5 . 8  

pH CU. 11.8 

pH CU. 13.5 

from CH,NO,, and a partially resolved shoulder at +262-5 ppm. These 
signals are attributed to the N H  groups that are hydrogen-bonded to 
water (+262-5 ppm), and to those that are htramolecularly hydrogen- 
bonded to peptide carbonyl groups (+271.1 ppm). This is in agreement 
with the data on dimethylformamide (Table VII) where an appreciable 
high-frequency shift is observed upon dilution with H,O (from +277-0 
to +264.6 ppm). Recent developments in the technique of lSN NMR 
have produced the possibility of obtaining natural-abundance I5N 
spectra for a number of biopolymers (73) such as some enzymes 
(lysozyme and related molecules), protamines, pepsin, hemoglobin, 
vitamin B,, and transfer ribonucleic acids (tRNA). The spectra contain 
partially resolved resonances in the amide region, +248 to +270 ppm, 
the arginine guanidino-NH at +294.7 ppm, the guanidino-NHP signal 
at +307.9 ppm, the NHY moieties in the region of +340 to +348 ppm 
and the NH terminal proline amino groups at +326 ppm. In the case of 
yeast tRNA, it is possible to assign the observed signals by reference to 
the corresponding data on monophosphates of guanosine (G), cytidine 
(C), adenosine (A) and uridine (U): +306.6 ppm (G), +301.3 ppm (A), 
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+285.4 ppm (C), +232.4  pprn (G, U), +221.7  ppm (U), +170 to +184 
ppm (C), +140 to +156 ppm (G, A), where all the shifts have been 
recalculated to the external neat CH,NO, scale. 

Nuclear Overhauser effect enhancements (NOE) in the 15N spectra of 
such biopolymers give some information about the mobility of various 
sections of these molecules. NOE-induced signal nulling has been 
considered in the example of a decapeptide, Gramicidin-S. (77) 
Anomalies in the NOE for the 15N spectra of glycine at various pH 
values have been claimed to constitute a means of observation of proton 
exchange rates and molecular rotations, (66, 70) but this has 
subsequently been shown to result from traces of paramagnetic 
impurities in the samples of glycine. (78) Line widths of the I4N 
resonances of some simple amino acids have been investigated (98) as a 
function of pH in order to obtain information on the weak complexes 
formed between amino acids and nucleic acids. 

The high-resolution 15N spectrum using natural abundance of l5N in 
solid glycine, obtained by the pulsed decoupling technique, shows no 
detectable chemical shift anisotropy. ( 5  5 )  

T A B L E  XIV 

Nitrogen screening constants of some hydrazines in ppm (+0.5), referred to external neat 
nitromethane 

Compound Nitrogen screening constants 
(neat liquid unless 
stated otherwise) NH, NHR NR, Notes 

H,NNH, 
H,”H, 
MeNHNH, 
Me,NNH, 
MeNHNHMe 
Me,NNHMe 
PhNHNH, 

PhNHNHPh (dioxane) 
Ph,NNH, 

+319 .5  
+320.5 
- 

+293 .2  

- 

- 

+322 .7  
- 

+307 .7  
- 
- 

- 
not observed 

a 
b 
a 
a 
a 
a 
a 
b 
a 
a 

Ref. 100, 15N natural-abundance spectra, originally referred to “external HNO,”, 
probably +6 .1  pprn from neat CH,NO, for comments, see footnote (f) in Table VIII; 
assignments for methyl-hydrazines are based on assumption of additive effects of CH, groups 
as well as I5N labelling at N-2 of 1,l-dimethylhydrazine; assignments for phenylhydrazines 
based on decoupling effects and NOE. 

Ref. 99, I5N natural-abundance spectra, assignments for PhNHNH, are reversed in 
original paper. 
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E. Hydrazines 
The nitrogen resonance signals of hydrazines occur (99, 100) in a 

range of about + 340 to +280 ppm, as shown in Table XIV. This means 
that their shifts are, on the average, to higher frequencies than those of 
amines, but the corresponding ranges of shifts are overlapping (Tables 
VIII and IX). There seems to be a considerable p-effect (100) 
transmitted through a nitrogen atom. 

H,N-N -, MeHN-N -, Me,N-N 
t t 

deshielding deshielding 

since a regression analysis gives a value of ca. -25 ppm per methyl 
group. There seems to be also an cr-effect of about -4 ppm per methyl, 
but its significance is less certain because the measurements were made 
on neat liquids, and the intermolecular effects on the shifts may be of the 
same order of magnitude. 

F. Amides, ureas, guanidines and related structures 
The compounds considered here are represented by the general 

structure 111. Relatively little new data on amides, in comparison with 
R'-C-N(R2)(R3) 

[ill 

those furnished in ref. Id, have been reported. Cyclic amides (lactams) 
have been shown (76) to have nitrogen chemical shifts which are quite 
independent of the ring size, [121, where n varies from 3 to 8 (Table 

X = 0, S, NR 
ll 
X 

[121 

XV). However, some important information may be obtained from 
nitrogen NMR spectra concerning isomeric and tautomeric forms where 
amide-type structures are involved. It has been shown (101) that 
nitrogen chemical shifts are far superior to I3C shifts in the deter- 
mination of the tautomeric equilibria of pyridone, [ 13al- 
hydroxypyridine, [ 13b1, systems. This point is discussed further in 
Section V K. 
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T A B L E  XV 

Nitrogen screening constants of some RLC(=X)N(R2)(R3) compounds (amides, ureas, 
guanidines, and related structures) in ppm, referred to external neat nitromethane 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

NH,CHO 
MeNHCHO 
Me,NCHO 

Bu,NCHO 
NH ,COOEt 
EtNHCOOEt 
NH,CONH, 

Me,NCONMe, 

MeNHCONHMe 
Me,NC(=NH)OMe 

NH ,CSNH, 
Me,NCSMe, 
Me,NC(=NMe)SMe 

NH ,C (=NH)NH , 

Me,NC(=NH)NMe, 

Me,NC(=NMe)NMe, 

Me 

I 
Me 

neat liquid 
neat liquid 
neat liquid 

0.30 M in H,O 
neat liquid 
neat liquid 
neat liquid 

H,O, satd. 
neat liquid 

H2O (?I 

H,O, satd. 
H,O, satd. 
neat liquid 

H,O, satd. 
Me,CO, satd. 
neat liquid 

0.2 M in H,O 

0.05 M in H,O 

neat liquid 

pH 7.11 

(alkaline s o h )  

neat liquid 

Me,CO, 1 : 3  v/v 
neat liquid 
MeOH, I : 3  v/v 

Me,CO. 1 :3  v/v 
MeOH, 1 :3 vlv 

+267.7 ? 0.2 
+270.2 ? 0.2 
+277.00 ? 0.09 
+276.4 ? 0.2 
+264.58 f 0.31 
+254.5 ? 0.2 
+308.2 f 0.2 
+294.9 ? 0.2 
+303.6 f 0.2 
+306.3 f 0.7 
+317.8 ? 0.2 
+320.5 f 0.2 
+316 & 2 
+301 f 3 
+320 f 4 (-NMe,) 
+283.3 f 0.4 (=NH) 
+272.8 f 0.4 
+301.3 f 0.9 
+300 f 4 (=NMe,) 
+121 ? 1 (=NMe) 
+307 (+?)  

+188 (??)  

+333 f 2 (=NMe,) 

+334 2 (=NMe,) 
+I87  ? 1 (=NMe) 

+207.8 f 0.7 (=NH) 

+216 & 2 
+215 ? 3 
+214 ? 1 

+248 f 2 
+240 f 3 

U 

a 
b 

b 
a 
a 
a 

a 

a 
C 

a 
C 

C 

C 

C 

C 

C 

C 

C 

C 

d 

d 

C 

C 

C 

C 

e 
e 
e 

e 
e 
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T A B L E  XV-cont.  

Compound 
Solvent Nitrogen screening 
or state constant Notes 

CHCI,, 2.0 M 

DMSO, 2.0 M 

95% EtOH. 2.0 M 

CHCI,, 2.0 M 

DMSO, 2.0 M 

95% EtOH, 2.0 M 

CHCI,, 2.0 M 

95% EtOH, 2.0 M 

+263,7f  0.2 
+264.5 f 0.2 

+264.1 0.2 
+265.8 f 0.2 

+260.8 f 0.2 
+261.8 f 0.2 

+260.7 f 0.2 
+261.9 f 0.2 

+260.8 f 0.2 
+260.9 f 0.2 
+258.6 f 0.2 

+257.8 f 0.2 
+258.8 f 0.2 
+255.9 f 0.2 

+259.9 f 0.2 
+260.4 f 0.2 

+260.9 f 0.2 
+259.0 f 0.2 

f 
f 

f 
f 

f 
f 

f 
f 

f 
f 
f 

f 
f 
f 

f 
f 

f 
f 

a Ref. 36, natural-abundance IsN spectra. 
Ref. 61, see also Table VII for comments; I4N spectra, concentric spherical sample 

containers, full lineshape analysis. 
Ref. 38, “N spectra, originally referred to either internal KNO,  (for aqueous solutions, 

+3.5 ppm from neat CH,NO,, Table VII) or C H , N 0 2  (recalculated according to Table VII);  
differential saturation technique and lineshape analysis (63). 

Ref. 82, I4N spectra, see footnote (b) in Table X11. 
Ref. 101, I4N spectra. originally referred to internal CH,NO,, recalculated according to 

’Ref. 76, IsN natural-abundance spectra, originally referred to 1.0 M HNO,, +4.4 ppm 
Table VII. 

from neat CH,NO,, Table VII. 
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0 0  H O O H  

(a) (b) 
I131 

The isomeric structures of the amido, [14a], and iso-amido type, 
[ 14b1, have been investigated by nitrogen NMR using as examples the 

R,N-C-NR, R,N-C=NR 
I 

XR 
II 
X 

[ 141 
(a) (b) 

methyl derivatives of urea, thiourea and guanidine. (38) It is found (38) 
that there is rather little difference in the chemical shifts of the NR, 
moieties between the amido- [ 151 and isoamido-structures [ 161 but there 

X = 0, S, NR 

Me,N-C-NMe, Me,N-C=NH 
/ I  I 
0 OMe 

+320 ppm +320 ppm +238 ppm 

Me,N-C-NMe, Me,N-C=NMe 
I 
SMe 

I1 
S 

+301 ppm +300 ppm +121 ppm 
[ 151 161 

is a large high-frequency shift for the =NR moiety in the isoamido 
system of derivatives of urea, and larger still for the thio-derivatives. The 
shifts for systems where tautomerism is possible due to the presence of 
mobile hydrogen atoms [171 show that in urea derivatives the 

R-C-NHR R-C=NR 
I 

XH 
I1 
X 

[171 

contribution of the iso-amide structures is insignificant. However, it is 
significant (up to 30%) in thiourea derivatives. This has been used as an 
argument to show that the high-frequency nitrogen shifts of thioamides, 
compared with amides, (1 d) result from differences in the position of the 
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tautomeric equilibrium rather than from appreciable intrinsic differences 
in the shifts of the amido and thioamido structures. 

G. Cyano, cyanato groups and related structures 
It has already been shown (ref. Id, pp. 197-204) that nitrogen 

chemical shifts clearly differentiate between various structures which 
contain a CN moiety in a linear system of three atoms: 

R-CN nitriles +120to +140ppm 
R-NC isonitriles + 180 to +220 ppm 
R-OCN cyantes ca. +200 ppm 
R-SCN thiocyanates ca. + 100 ppm 
R-NCO isocyanates +330 to +365 ppm 
R-NCS isothioc yanates +260 to +290 ppm 
R-CNO fulminates (nitrile N-oxides) +160to +180ppm 

It is interesting to note that the shifts of the ambidentate ligands NCOQ 
and NCSG appear almost mid-way between those for the corresponding 

T A B L E  X V I  
Nitrpgen screening constants of some cyanides, cyanates, and fulminates in ppm, referred to 

external neat nitromethane 

Solvent Nitrogen screening 
Compound or state constant Notes 

MeCN 

C N o  (KO) 

NCOO (KQ) 

NCS@ (KO)  

Ph-OCN 
p-Me-C,H,-OCN 

p-MeO-C,H,-OCN 

2,4,6-TrimethylphenyI-CNO 

p-C1-C6H4-OCN 

p-N0,-C6H,-OCN 

neat liquid 
CCI,, 0.3 M 

Me,CO, 0.3 M 

H,O, 0.3 M 

H,O, satd. 
0.3 M 

H,O, satd. 
0.3 M 

H,O, satd. 

neat liquid 
neat liquid 
neat liquid 
neat liquid 
neat liquid 
CH,CI, 

0.3 M 

+136.40 f 0.10 
+ 127.44 f 0.28 
+132.99+0.13 
+ 144.94 f 0.26 
+ 102.48 f 0.09 
+106.11 & 0.12 
+302.91 f 0.14 
+302.60 f 0.14 
+ 1 7 0 a  f 0.1 1 
+174.07 f 0 . 1 7  
+211 f 3 
+213 f 3 
+212 f 3 (75°C) 
+215 f 3 
+I89 f 5 (85°C) 
+ 170.4 + 0.2 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
b 
b 
b 
b 
b 
C 

a Ref. 6 1, 14N spectra, concentric spherical sample containers, full lineshape analysis by 
differential saturation technique, see Table VII for comments. 

Ref. 102, 14N spectra, referred to external CH,NO,. 
‘Ref. 34, lSN spectrum of labelled fulminate, originally referred to what is reported as 

12 M(CH,), NCI in H,O, which probably is saturated (ca. 6 M), +336.7 ppm from CH,NO,, 
Table VII. 
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isomeric pairs of N- and 0- or S-derivatives. More recent measurements 
(102) have enlarged the amount of shift data on aryl cyanates, Ar- 
OCN, where the shift seems to be only slightly affected by paru- 
substitution when compared with PhOCN. An exception is the para- 
NO, substituent which results in a high-frequency shift of the resonance 
of the C N  group. 

The recently measured chemical shift of 2,4,6-trimethylphenyl 
fulminate (Table XVI) is in good agreement with the previous result (ref. 
Id, p. 201). The low-frequency shift upon going from PhCN to PhCNO 
derivatives is an example of the general trend mentioned at  the beginning 
of this section. It has been claimed (34) that the increased screening is 
mostly due to  a change in the diamagnetic term in the screening 
constant. However, this seems to result from a misunderstanding of the 
physical significance of this term when considered within the framework 
of various theoretical approaches. (29) 

Some precise data (61) are reported in Table XVI on the nitrogen 
chemical shifts of CH,CN, CNO, NCOO and NCSO. Attention is drawn 
to the appreciable solvent effects on the shift of CH,CN, giving a range 
of 20 ppm. 

H. Azides 
The azido group may occur in an unsymmetrical covalently bonded 

system [18], which gives rise to three signals (ref. Id, p. 197). It may 

\N=NB=NW R 

ca . ca. ca. +145 
+300 +I30 to+170pprn 

1181 

also act as a ligand with a structure close to that of the azide ion, N: In 
which case it may be coordinated either unsymmetrically or symmetri- 
cally, e.g. the bridge-like structure [191. The latter case should be 

M . . . N@=N@=N@.. . M 

[ 191 

characterized by only two signals close to those observed for the free 
azide ion (Table XVII). Recent data on some inorganic azides, (103) 
shown in Table XVII, seem to suggest that either possibility may be 
realized. However, caution is advisable when making such conclusions, 
since the I4N spectra (103) in those cases where only two signals are 
observed may contain a third signal which has not been detected 
because of its width and because of signal overlap. 
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T A B L E  X V I I  

Nitrogen screening constants of some azides in pprn, referred to external neat nitromethane 

Compound 

(NNN)" (Nam) 

p-(NMe,)-C,H,-N, 

t-BuNl 

MelSiNl 

MelGeNl 

MelSnNl 

EtlSnNl 

MelPbN, 

Me,BNl 

Me,AINl 
Et ,TIN , 
Me,AsN, 

Solvent Nitrogen screening 
or state constant 

~- 

H,O, 0.30 M +131.51 f 0.12 (N-central) 
+280.60 f 0.12 (N-terminal) 

5.13 M (satd.) + 132.16 f 0.10 (N-central) 

Me,CO, 2 M 

Et,O, 2 M e 

neat Liquid 

neat liquid 

neat liquid 

Me,CO 

benzene 

Me,CO 

toluene 

supercooled melt 
Me,CO 

neat liquid 

Me,CO 

CF,COOH 

+281.69 & 0.12 (N-terminal) 
+286 f 2 (PhN) 
+ 134.4 f 0.8 (N-central) 
+ 144.4 f 0.9 (N-terminal) 
+285 f 4 (PhN, NMe,) 
+ 138.3 f 0.4 (N-central) 
+ I 4 9  k 1 (N-terminal) 

+ 134 f 2 (N-central) 
+ 162 k 2 (N-terminal) 
+320 k 2 (SIN) 
+ I 4 1  f 2 (N-central) 
+207 f 2 (N-terminal) 
+314 f 2 (GeN) 
+ I35 k 2 (N-central) 
+209 k 2 (N-terminal) 
+276 f 2 (SnN, N-terminal) 
+ I 3 7  f 2 (N-central) 
+287 f 2 (SnN, N-terminal) 
+ I4 1 f 2 (N-central) 
+280 k 2 (PbN, N-terminal) 
+ 142 f 2 (N-central) 
+ 140 k 2 (N-central) 
+214 f 2 (N-terminal) 
+ 144 k 2 (N-central) 
+268 & 2 (TIN, N-terminal) 
+ 134 ? 2 (N-central) 
+252 k 2 (AsN. N-terminal) 
+ 135 f 2 (N-terminal) 
+256 f 2 (AsN, N-terminal) 
+ 136 f 2 (N-central) 

+128.8 f 0.2 (N-terminal) 

+286 & 2 (t-BUN) 

+250.8 f 0.2 (C-N) 

Notes 

a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
c 
c 
c 
c 
c 
C 

C 

C 

c 
c 
c 
C 

c 
c 
C 

c 
c 
C 

C 

c 
C 

c 
c 
C 

d 
d 

" Ref. 6 I ,  I4N spectra, concentric spherical sample containers, full lineshape analysis by 

Ref. 5 1, 14N spectra, originally referred to internal CH,NO,, recalculated with CH,NO, 

Ref. 103, "N spectra, originally referred to saturated aqueous NaNO,, +3.5 ppm from 

Ref. 104, 15N spectra of compound labelled at N-terminal and C-N atoms. 

differential saturation technique, see Table VII for details. 

shifts in (CH,),CO, +0.8 ppm from neat CHINO,, and in Et,O, +3.9 ppm, Tablae VII. 

neat CH,NO,, by sample replacement method. 
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It should be noted that the most recent nitrogen chemical shift data on 
PhN, ( 5  1) give a value of + 144 ppm for the terminal N atom, which is 
quite different from that reported earlier (ref. Id, p. 199, and references 
therein), i.e. + 194 ppm for a benzene solution. 

The chemical shift of the C-N nitrogen atom in R-N, exhibits the p- 
effect, as can be seen from the series [201 to [221. 

Me-N=N@=NQ Et-N=N@=NQ l-Bu-N=N@=NG 
+320 ppm +305 ppm +285 ppm 

[201 [211 [221 
(ref. Id) (ref. Id) (Table XVII) 

The nitrogen chemical shifts of the ‘5N-labelled compounds (104) 
which are involved in the azido-tetrazoloazino valence tautomerism 
(Table XVII, note d) 1231, reveal that in CF,COOH the azido-form, 

(a) (b) 
1231 

[23al, is dominant whilst in DMSO the tetrazolopyrimidine form is 
favoured [23bl. 

I. Azoles and their derivatives 
Five-membered conjugated heterocycles which contain nitrogen 

atoms (azoles) have been thoroughly investigated by nitrogen NMR 
spectroscopy (ref. Id, pp. 204-218). Some additional data are now 
available (Table XVIII). There are two types of nitrogen atoms in such 
heterocyclic structures, e.g. the case of imidazole derivatives [241. The 

TN “pyridine-type” nitrogen atom 
I I  

YN2 
1 “pyrrole-type” nitrogen atom 
R 

[241 
“pyrrole-type” is characterized by nitrogen chemical shifts to low 
frequencies compared with those for the “pyridine-type” nitrogen atoms 
in the same molecule. However, in general there is some overlap of the 
corresponding spectral ranges of shifts. 



NITROGEN N M R  SPECTROSCOPY 179 

T A B L E  X V I I I  

Nitrogen screening constants of some azoles in ppm, referred to external neat nitromethane 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

Pyrrole Q 
I 

H 

N-Me-pyrrole 

2-NO,-pyrrole 
N-Me-2-N02-pyrrole 
2,4-Dinitropyrrole 
N-Me-2,4-dinitropyrrole 
2.5-Dinitropyrrole 

Pyrazole 0 
I 
fl 

N-Me-pyrazole 

3-Me-pyrazole = 5-Me-pyrazole 
1,3-Dimethylpyrazole 

1,5-Dimethylpyrazole 

N-SiMe,-pyrazole 

Imidazole 

I 
I 

H 

N-Me-imidazole 

neat liquid 
Me,CO, 0.15 M 

Me,CO, ca. 40% 
DMSO, 0.15 M 

H,O, 0.55 M 

Me,CO, 0.15 M 

Me,CO, ca. 40% 

Me,CO, ca. 40% 
Me,CO, ca. 40% 
Me,CO, ca. 40% 
Me,CO, ca. 40% 
Me,CO, ca. 4090 
CHCI,, 3 M 

Me,CO, 0.15 M 

H,O, 0.55 M 

DMSO, 0.15 M 

Me,CO, 0.15 M 

CCI,, 0.10 M 

CCI,, 0.10 M 

CCI,, 0.10 M 

H,O, 0.55 M 

CHCI,, 3 M 

CHCI,, 3 M 

CHCI,, 3 M 

CHCl,, 3 M 

neat liquid 

Me,CO, 0.15 M 

MeOH, 0.25 M 

DMSO, 0.15 M 

ca. 20% 
H,O, 0.55 M 

satd. 
neat liquid 

Me,CO, 0.15 M 

+231.4 f 0.4 
+229.6 k 0.4 
+229 2 
+222.3 f 0.4 
+236.4 k 0.4 
+224 f 1 
+230f  1 
+230f  I 
+234 f 2 
+227 f 5 
+228 f 5 
+227 f 5 
+225 f 5 
+236 f 5 
+133f  1 
+129f  2 
+134f  1 
+176 f 1 (=NH) 
+ 174 f 2 (=NMe) 
+72 f 2 (=N) 
+ 179 f 3 (=NMe) 
+68 f 2 (=N) 
+ 178 f 2 (=NMe) 
+93 f 3 (EN) 
+180.8 f 0.3 (=NMe) 

+134 f 2 
+182 f 1 (=NMe) 
+78 f 3 (EN) 
+183 f 1 (=NMe) 
+71 f 3 (EN) 
+ 162 f 5 (=NSi) 
+59 f 10 (EN) 
+171 f 1 
+I77 f 2 
+168 f 1 
+167 f 3 
+176 f 1 
+177f  1 
+218.4 f 0.2 (=NMe) 
(+213 f 3 ??)(=NMe) 
+217 f 1 (=NMe) 
+123 f 1 (EN) 

+72.6 f 0.8 (EN) 

a 
a 
b 
a 

a 
a 
b 
a 
b 
b 
b 
b 
b 

a 
a 
a 
a 
a 
a 
a 
a 
a 

U 

C 

C 

C 

C 

C 

C 

C 

C 

j 
j 
a 
a 

b 
a 
d 
e 
a 
a 
a 

U 
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T A B L E  XVIII-cont. 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

4(5)-NO,-imidazole 
N-Me-4-N02-imidazole 
2-Me-4(5)-NO,-imidazole 
4,5-Dinitroimidazole 
2-Me-4,5-dinitroimidazole 
1,2,4-Triazole 

dl 
I-Me- 1,2,4-triazole 

H 2 0 ,  0.55 M 

DMSO, ca. 20% 
DMSO, ca. 20% 
DMSO, ca. 20% 
Me,CO, ca. 20% 
Me2C0,  ca. 20% 
Me,CO, 0.15 M 
DMSO, 0.15 M 

H,O, 0.55 M 
Me,CO, 0.15 M 

Me 
H,O, 0.55 M 

5-Phenyltetrazole DMSO, ca. 3 M 
N,N N-NH 

h H  - 'I ' 
y ' - NYN 

Ph Ph 
N-SiMe,-imidazole neat liquid 
1-%Me,- 1.2,4-triazole neat liquid 

Trimethylenetetrazole H,O, satd. 

p-N.N-Dimethylaminophenylpentazole CH,CI, + MeOH 

lsoxazole neat liquid 

I 

1 c 

+218 f 1 (=NMe) 
+ 109 f 3 (EN) 
+210 f 1 (=NMe) 
+ 134 f 5 (EN) 
+202 f 5 
+208 f 5 
+203 f 5 
+ I58 f 3 
+160f 3 
+ I 3 5  f 1 
+132 f 3 
+ I 7 4  f 2 (=NH) 
+ I 4 2  f 3 
+ 152 f 2 (=NMe) 
+ I 1 9  f 2 (EN) 
+51 f 3 (=N) 
+ 170 f 2 (=NMe) 
+ I 1 3  f 2 (EN) 
+42 f 2 (=N) 
+ 160 f 4 (=NMe) 
+ 140 2 (EN) 
+46 f 3 (-N) 
+88.6 f 0.3  (NI ,  N4) 
+29.8 f 0.3 (N2, N3) 

+I68 f 10 
+ 151 k 10 ( E N S )  
+ 105 f 10 (N. N) 

+79 _+ 3 (N-1) 

- 1 1 f 4 (N-2, N-3) 

+133 f 1 (N-4) 

+29 k 4 (N-2, N-3) 

-2.9 f 0.2 

a 
a 
a 
a 
b 
b 
b 
b 
b 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

f 
s 

h 

e 
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T A B L E  XVIII-cont. 

181 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

3(2,4,6-Trirnethylphenyl)-isoxazole CH,Cl, 
3(2,4,6-TrimethyIphenyl)-4,5- 

dihydroisoxazole 
Thiazole <J 

Indole 02 
I 

H 
2-COOH-indole 
2-Me-indole 

3-Me-indole 

2,3-Me2-indole 
2,5-Me2-indole 
3-CHO-indole 

3-COMe-indole 

3-OCOMe-indole 
3-C H ,COOH-indole 

3-CH ,CH,COOH-indole 
5-F-indole 
5-CI-indole 

5-Br-indole 
S-NO,-indole 
5-CN-indole 

5-COOH-indole 

5-OH-indole 
5-OMe-indole 

5-Me-indole 

5 -N H ,-indole 

CH,CI, 
neat liquid 

Me,CO, 0.15 M 

H,O, 0.55 M 
DMSO, satd. 

CdCI,, satd. 

DMSO, 0. I5 M 

2.0 M 

DMSO, 2.0 M 
DMSO, satd. 

CDCI,, satd. 

CDCI,, satd. 
DMSO, 2.0 M 

DMSO, satd. 

DMSO, satd. 

DMSO, satd. 
DMSO, satd. 

DMSO, satd. 
CDCI,, satd. 
DMSO, 1.4 M 
CDCI,, satd. 
DMSO, 1.3 M 
DMSO, 1.5 M 
DMSO, satd. 
CDCI,, satd. 
DMSO, satd. 

DMSO, satd. 
DMSO, satd. 

CDCI,, satd. 
DMSO, 0.5 M 
CDCI,, satd. 
DMSO, satd. 

2.0 M 

DMSO, 2.0 M 

DMSO, 2.0 M 

2.0 M 

2.0 M 

2.0 M 

2.0 M 

1.0 M 

1.0 M 

+0.8 f 0.2 

+ 10.0 * 0.2 
+57.2 f 0.2 
+ 5 6 f  1 
+55 f 1 
+53 f 2 
+62 f 4 
+247.2 f 0.3 
+245.5 f 0.3 
+253.6 f 0.3 

+244.8 f 0.3 
+242.9 k 0.3 
+241.5 f 0.3 
+248.8 f 0.3 
+259.8 f 0.3 
+258.6 f 0.3 
+245.3 & 0.3 
+242.7 f 0.3 
+232.5 & 0.3 
+232.3 t 0.3 
+236.6,* 0.3 
+236.1 t 0.3 
+257.5 f 0.3 
+249.5 5 0.3 
+248.7 f 0.3 
+251.2 f 0.3 
+255.2 f 0.3 
+244.0 f 0.3 
+254.2 f 0.3 
+243.8 k 0.3 
+238.6 & 0.3 
+240.7 f 0.3 
+247.5 f 0.3 
+242.8 f 0.3 
+241.9 f 0.3 
+249.5 f 0.3 
+248,4 _+ 0.3 
+246.8 f 0.3 
+254.9 5 10.3 
+246.3 t 0.3 
+254.8 f 0.3 
+249.4 f 0.3 
+248.6 f 0.3 

g 

g 
e 
a 
a 
a 
a 
i 
i 
i 

1 

1 

1 

i 
i 

i 
i 
i 
i 
i 

i 

i 
i 

i 
i 

1 

1 

1 

1 

1 

1 

1 

1 

i 
i 
i 
i 
i 
i 

i 
i 

1 

1 
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T A B L E  XVIII-cont. 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

6-OMe-indole CDCI,, satd. +253.9 f 0.3  i 
7-OMe-indole CDCI,, satd. +257.8 f 0.3  i 
7-Me-indole DMSO, 1.0 M +246.1 f 0.3  i 

CDCI,, satd. +255.8 f 0.3  i 
Benzimidazole ay) Me,CO,0.15 M + I 8 5  f 2 a 

DMSO, 0.15 M +237 f 4 (=NH) a 
N 

H 
I 

N-Me-benzimidazole Me,CO, 0.15 M + 134 ? 1 (EN) a 
+23 1 f 1 (=NMe) a 

CCI,, 0.10 M + 127 t 6 (EN) a 
+237 ? 6 (=NMe) a 

Benzothiazole Me,CO,0.15 M +61 & 1 a 

“ Ref. 105, proton spectra, I4N decoupling, see footnote (b) in Table XXI. 
Ref. 106, 14N spectra, referred to external CH,NO,. 
Ref. 107, I4N spectra, originally referred to internal CH,NO,, recalculated with CH,NO, 

shift in CHCI, of +3.79 ppm from neat CH,NO,. 
Ref. 108, I4N spectra at 6.1 T, originally referred to NO? in “acidified NH,NO,”, 

probably cu. +5 ppm from CH,NO,, Table VII; shifts reported in this Table are read directly 
from spectral plots, since numerical values are given only for imidazole. 

Ref. 36, ”N natural-abundance spectra. 
Ref. 109, IJN spectra of labelled compounds, assignments by selective labelling; originally 

referred to NO? ion, probably cu. +3.8 ppm from neat CH,NO,, Table VII. 
Ref. 34, IJN spectra of labelled compounds; originally referred to what is reported as  12 M 

aqueous (CH,),NCI, probably saturated (cu. 6 M), +336.7 ppm from neat CH,NO,, ref. 36 
and Table VII. 

Ref. 5 I ,  14N spectrum, referred to internal CH,NO, in 1 : 1 CH,CI, +CH,OH, recalcul- 
ated with shifts in Table VII. 

Ref. 75, “N natural-abundance spectra, originally referred to 1.0 M HNO,, +4.4 ppm 
from neat CH,NO,, Table VII and 5.6 M (CH,),NCI in H,O, +336.7 ppm from neat 
CHINO, (+332.3 ppm from 1.0 M HNO,). 

Ref. 92, I4N spectra, originally referred to satd. aqueous NaNO,. +3 .7  ppm from neat 
CH,NO,, Table VII: for comments, see Table X footnotes (d) and (e). 

Approximate additivity rules for the chemical shifts of azoles have 
been reported (1 10). For the “pyrrole-type” nitrogen atoms, the shifts 
may be related to that of N-Me-pyrrole [ 25 I. They are composed of the 
algebraical summation of the following contributions: 

-50 k 1 - 5  ppm for each “pyridine-type” nitrogen atom at positions 
2 or 5 ;  
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[251 

-30 k 4 ppm for each “pyridine-type” nitrogen atom at positions 3 

- 12 & 2 ppm additionally for each “pyridine-type” nitrogen atom 

+ 7 ? 2.5 ppm additionally for each “pyridine-type” nitrogen atom 

Thus, for l-Me-1,2,3-triazole [261 the shift of the N-Me nitrogen atom 
relative to N-Me-pyrrole should be -50 - 30 - 12 + 7 = -85 & 10 

or 4; 

which is adjacent to that already at position 2 or 5 ;  

which is adjacent to that already at position 3 or 4 

Me 
[261 

ppm whilst for neat liquids the shift is found to be -88 & 2 ppm. (ref. 
Id, pp. 208-209). The same system may be used for benzo-derivatives of 
azoles relative to N-Me-indole. (1 10) 

Similar rules are reported (1 10) for the “pyridine-type” nitrogen 
atoms at position 2 (or 5 )  relative to that in N-Me-pyrazole as well as at 
position 3 (or 4) relative to that in 1-Me-imidazole. A set of five 
parameters representing the interactions between nitrogen atoms at 
various positions has been calculated by a regression analysis: 

interaction shift increment f std. deviation 

-48 ? 6 ppm 
-19 f 7 ppm 

+23 f 8 ppm 

2 
( L 5 )  -23 f 9 pprn 
(3 ,4)  -51 f 9ppm 

Thus, for l-Me-1,2,4-triazole [271 the shift for N-2 (as compared with 

“7 

Mk 

“”2 
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that of N-Me pyrrole) should be -48 + 23 = -25 k 10 ppm whilst the 
experimental value (in organic solvents) is -23 k 6 ppm. 

Such additivity rules are used in spectroscopic arguments for the 
existence of the pentazole ring system in solutions. The rules (110) 
predict the following values of the nitrogen chemical shifts in pentazole 
[281. Since the only proof of the existence of such a ring structure, in 

+13 & 14ppm 
I1 I1 - 7 k 15 ppm 

N,N~N +75 _+ 9 ppm 

N-N 

I 
R 

[281 

some unstable products of the reaction between p-substituted ben- 
zenediazonium salts and lithium azide, comes from the isotopic 
composition of the nitrogen gas evolved from compounds which are 
obtained from ISN-labelled LiN,, an attempt has been made (51) to 
provide direct spectroscopic evidence for the ring structure. The 14N 
spectrum of a solution of the supposed p-NMe,-phenyl pentazole in a 
1 : 1 (v/v) CH,OH and CH,CI, mixture reveals the presence of a sharp 
signal at +70 k 1 ppm (from CH,NOJ which diminishes with time, in 
addition to the spectrum of PhN, which is the final product of the 
decomposition, with N, evolution. Since the shift, +70 ppm, is almost 
exactly the same as that predicted by the additivity rules, and since the 
I4N signals of “pyrrole-type” nitrogen atoms are usually the sharpest in 
the spectra of azoles, (Id), it seems that this is the first direct evidence 
for the pentazole ring structure. 

The 14N spectrum of trimethylenetetrazole obtained (108) in a high 
magnetic field, 6.1 T, shows four signals which are given the tentative 
assignments reported in Table XVIII (note d). However, these 
assignments may be made more complete by using the additivity rules 
[291. Considering the fact that these rules are based on the chemical 

nitrogen chemical shifts 
predicted by additivity found in 

ref. 108 
H2 1 F A rules from ref. 110 

CH2rp2 ‘C-N. N-1 + 9 2 +  12 + 79 
N-2 - l o +  1 1  - 1 1  

H 2 4  ’;” N-3 +16 + 12 +29 
I291 N-4 +147 + 7 +133 

shifts of N-CH, derivatives, mostly neat liquids, the agreement is quite 
satisfactory and certainly good enough for an unambiguous assignment 
of the observed chemical shifts. 

The data in Table XVIII show that there are appreciable solvent 
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effects on the nitrogen chemical shifts of azoles, and the range of such 
effects may reach 20 ppm if aqueous solutions are included, or about 10 
ppm otherwise. 

There are rather insignificant effects on the azole chemical shifts 
following the introduction of substituents in the azole ring system. Nitro 
derivatives of pyrrole, pyrazole and imidazole (106) give nitrogen 
resonance signals within the range of solvent effects and experimental 
errors in the shifts of the parent structures (Table XVIII). A 
comprehensive study of substituted indoles (75) in DMSO and CDCl, 
(Table XVIII, note i) indicates that the range of nitrogen chemical shifts 
is about 25 ppm for a large variety of substituents, and that no obvious 
correlation with the character of the substituent groups is evident. There 
is no significant change in the shifts when the N-CH, group in imidazole 
is replaced by the N-Si(CH,), moiety (Table XVIII, notes a and j). 

The I5N NMR spectra of fully and selectively labelled 5-  
phenyltetrazoles (Table XVIII, note f) demonstrate that photochemical 
ring transposition does not occur in the system [301. 

I I 
Ph Ph 

I301 

The asterisks and numbers in parentheses denote the sites and 
distribution of 15N nuclei. (109) 

Cations derived from azole structures by protonation of “pyridine- 
type” nitrogen atoms, e.g. [3 1 I, show an appreciable low-frequency shift 

3 L - @ H  - cJH nCU* +120 
ca. +204 ppm I 

Me 
I Nca. +218 ppm I 

Me Me 
[311 

of the resonance corresponding to the protonated nitrogen atom. This 
is in accord with the general rules outlined at the beginning of this section. 
Stable cations derived from the imidazole structure by N-methylation 
(Table XIX, note c) provide another example of the existence of the b- 
effect on chemical shifts [321, [331. 

Lm 
Me-N-N-Me 

+220 ppm +191 ppm 

[321 [331 
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T A B L E  X I X  
Nitrogen screening constants of some ionic species derived from azoles in ppm, referred to 

external neat nitromethane 

Compound and solvent 

Cations derived from: 
Pyrrole in HCI/H,O 
lmidazole in H,SO, 

in CF,COOH 
N-Me-imidazole in CF,COOH 
4(5)-NO,-imidazole in H,SO, 
I-Me- 1.2.4-triazole in CF,COOH 

Thiazole in CF,COOH 

Pyrrole, Li@ salt in tetrahydrofuran 
2-N02-pyrrole. Na@ salt in H,O 
2,4-Dinitropyrrole, Na@ salt in H,O 
2,5-Dinitropyrrole, Na@ salt in H,O 
Imidazole, KO salt in H,O 
4(5)-NO,-imidazole, K @  salt in H,O 
2-Me-4-NO,-imidazole, K@ salt, H,O 
Pyrazole, Li@ salt in tetrahydrofuran 

N,N’-di-Me-imidazolium iodide (in CH,CI,) 
1,2,3-tri-Me-imidazolium iodide (in H,O) 
N,N’-di-Et-imidazolium bromide (in CH,CI,) 
1 -SiMe,-3-Me-imidazolium iodide (in CH,CI,) 

N,N’-di-Me-pyrazolium iodide (in H,O) 
N-Me-isothiazolium iodide (in H,O) 

Anions derived from: 

Stable cations derived from azoles: 

Nitrogen screening 
constant 

+191 5 5 
+207 f 2 (SOOC) 
+212 f 2 
+210 f 2 
+204 f 5 
+201 5 5 (5OOC) 
+206 f 2 (=NH) 
+49 & 2 (-N) 
+206 f 2 (=NMe) 
+178 f 2 

+205 f 5 
+ I 2 3  f 8 
+ I 3 0  f 20 
+ I 2 8  f 10 
+ I47 k 3 (SOOC) 
+ 129 f 5 (SOOC) 
+ 129 f 10 (50°C) 
+ I 1 5  f 10 

+220 f 5 
+203 f 5 
+ I 9 1  f 5 
+ 180 f 10 (=NSi) 
+216 f 10 (=NMe) 
+I74  f 5 
+I75  f 5 

Notes 
___ 

C 

a 
b 
b 
b 

b 
b 
b 
b 

a 

Ref. 215, I4N spectra, referred to external CH,NO,. 
Ref. 105, proton spectra, “N decoupling, see footnote (b) in Table XXI. 

“Ref. 80, I4N spectra, originally referred to satd. aqueous NaNO,, +3.7 ppm from neat 
CH,NO,, Table VII;  see footnotes (d) and (e )  in Table X. 

Anions derived from azole systems (Table XIX) exhibit their nitrogen 
resonance signals at higher frequencies than those of the parent 
structures. The effect is enhanced by the presence of electron- 
withdrawing groups such as NO,. 

If the lone electron pair of a “pyridine-type” nitrogen atom in an azole 
ring system is coordinated to a BR, group in the corresponding borane 
adduct, an increase in the screening of the nitrogen nucleus involved is 
observed (Table XXIV), according to the general rules. However, the 
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magnitude of the shift depends to a considerable extent on the 
substituents R in the BR, group, since an evident p-effect is found in the 
series [341. 

YNo-oBR 3 R = H + M e - + E t  
;r/ r 

decrease in nitrogen screening 
1341 

In the case of some azoloazines (Table XXII) it has been shown that 
the nitrogen screening is smaller than in the parent azoles and that a 
good linear relationship exists between the shifts of the parent azoles and 
the analogous azoloazines. (63) 

J. Sydnones, sydnonimines and related structures 
S ydnones and sydnonimines are represented by conventional for- 

mulae [351. They are the betaine isomers of the corresponding 5-OH (or 
0 

X = 0 (sydnones), 
N H  (sydnonimines) 

1,JR 
g o  

[351 
NH)- 1,2,3-oxadiazoles. The I4N spectra of sydnones show a sharp 
signal which is superimposed on a broad resonance (1 11). The sharp 
signal at about + 100 ppm may be assigned to the No-R moiety (Table 
XX), since the line-width is typical for such structures and because the 
spectrum of 3,4-diphenylsydnone-2-l5N indicates (1 12) that the N-2 
shift is +42 ppm. 

However, the spectral data for compounds which might be thought of 
as sydnonimines [ 36b1, obtained by the neutralization of sydnonimine 

0 
N-R KP. -y$- @ I A  

H,N 0” HN 0 

[36al [36b1 

\ ca. ca. 
I361 +152ppm +126ppm 

R-N-CH,-CN 
I 
‘0 

N\ ca. - 165 ppm 

( 3 6 ~ 1  
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TABLE XX 

Nitrogen screening constants of some sydnones, sydnonimines, and related structures in ppm 
(+I), referred to external neat nitromethane 

Compound 
Nitrogen screening 

Solvent constant Notes 

Sydnones (X = 0) 
R 
Me 
Et 

i-Pr 
Pr 
Bu 

i-Bu 

S-BU 
I-Bu 
cyclohexyl 

Ph 

p-Br-C,H, 

3-pyridyl 
Ph-; Br at C-4 
Ph-; NO, at C-4 
Ph-; Ph at C-4 

Ph-CH, 

p-CI-C6H4 

p-N0,-C6H, 

Acetylsydnonimines 
(X = N-COCH,) 

R 
Me 

Et 

i-Pr 
Pr 
Bu 
Ph 

Me,CO 
Me,CO 
neat 
Me,CO 
Me,CO 
Me,CO 
Et,O 
Me,CO 
neat 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
(CD,),CO 
20% H,SO, + (CD,),CO 
CF,COOH 
60% H,SO, + D,O 

Me,CO 

Me,CO 
MeOH 
Me,CO 
Me,CO 
Me,CO 
Me,CO 

+ 108 (NQ-3) 
+97 (No-3) 
+96 (No-3) 
+84 (No-3) 
+98 (No-3) 
+98 (NQ-3) 

+ lo1  (No-3) 
+99 (No'-3) 
+97 (NO-3) 
+87 (No-3) 
+79 (No-3) 
+86 (No-3) 
+96 (No-3) 
+98 (No-3) 

+ 100 (No-3) 
+ 100 (No-3) 
+ 102 (No-3) 
+ 103 (No-3) 
+ 100 (No-3) 
+I01  ("3-3) 
+41.8 f 0.2 (N-2) 
+30.1 ? 0.2 (N-2) 
+27.2 f 0.2 (N-2) 
+ 1 I .9 & 0.2 (N-2) 

+27 f 5 (N-2) 
+ 109 (No-3) 
+205 f 8 (N-6) 

+97 (No-3) 
+97 (NQ-3) 
+86 (No-3) 
+98 (NQ-3) 
+98 (No-3) 
+97 (No-3) 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
U 

b 
b 
b 
b 
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T A B L E X X - c o n t .  

Compound 

I 
Nitrogen screening 

Solvent constant Notes 

Sydnone hydrochlorides 
(X = 0; +HCI) 

R 
Me MeOH 
Et MeOH 
i-Pr MeOH 

Sydnonimine hydrochlorides 
(X = NH; + HCI) 

R 
Me MeOH 
Et MeOH 
i-Pr MeOH 
PhCH, MeOH 
Ph MeOH 

Acetylsydnonimine hydrochlorides 
(X = NCOCH,; +HCI) 
R 
Me MeOH 
Et MeOH 
i-Pr MeOH 

+94 ? 5 (No-3) 
+88 k 5 (No-3) 
+83 k 5 (No-3) 

+ 106 k 2 (No-3) 
+95 f 3 (No-3) 
+87 k 4 (No-3) 
+94 ? 2 (No-3) 
+96 k 4 (No-3) 

+ 104 ? 5 (No-3) 
+92 k 3 (No-3) 
+84 f 4 (No-3) 

a 
a 
a 

a 
a 
a 

Ref. 1 1  1, "N spectra, referred to external CHINO,. 
Ref. 112, "N spectra of compound labelled at N-2; originally referred to "NO? ion in 

NH,NO,, probably +4.0 ppm from neat CHINO,, Table VII; Cr(acac), added (0.03 M) to 
solutions in acetone and acetone + H,SO, in order to quench the NOE. 

hydrochlorides [36al, indicate (111) that they are actually N- 
nitroso-amines with a cyano group at the a-position [36cl. Their nitrogen 
spectra contain three signals with screening constants which are typical 
of the N-NO and CN groups. (ref. Id and Table XXVIII) The proton 
spectra are also compatible with the open-chain structure. Since the 
transformation is reversible, it may be concluded that sydnonimines do 
not exist as such in the sense that the equilibrium with the cyanomethyl- 
alkyl nitroso-amines is shifted almost completely to the latter structure. 
S ydnone and sydnonimine hydrochlorides (Table XX) give nitrogen 

resonance signals which are typical of the No-R group in sydnones, and 
the proton spectra show singlets due to the proton at C-4. This and the 
observation of the 15N-H coupling for sydnonimine hydrochlorides 
labelled at the exocyclic nitrogen atom (section VI. A) indicate that the 
additional proton is attached to the exocyclic nitrogen or oxygen atom. 
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T A B L E  XXI 

Nitrogen screening constants of some azines in ppm, referred to external neat nitromethane 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

Pyridine 

2-MeO-pyridine 

3-MeO-pyridine 

G O . '  

I 
Me 

(N-Me-3-oxypyridyl-betaine) 
4-MeO-pyridine 

2-OH-pyridine t 2-pyridone 

3 -0 H-pyridine 

4-OH-pyridine t 4-pyridone 

Pyridinium ion (ClO) 
Quinoline 

Quinoliniurn ion (HSOP) 
Pyrazine ( 1,4-Diazine) 
Pyrimidine (1,3-Diazine) 

neat liquid 

0.30 M in Me,CO 
0.15 M in Me,CO 
0.30 M in Et,O 
0.30 M in CCI, 
0.50 M in H,O 

neat liquid 
Me,CO, 1 : 3 v/v 
MeOH, 1 : 3  v/v 
neat liquid 
Me,CO, 1 : 3 v/v 
MeOH. 1 : 3  v/v 

MeOH, 1 :3 v/v 

neat liquid 
Me,CO, 1 : 3 v/v 
MeOH, 1 :3  v/v 
Me,CO, I : 3 v/v 
MeOH, 1 : 3  v/v 
Me,CO, 1 : 3 v/v 
MeOH, 1 : 3 v/v 
Me,CO, satd. 
MeOH, I : 3  v/v 
0.5 M in 10 M HCI 
Me,CO, 0.15 M 

CCI,, I : 1 v/v 
MeOH, 1 : I v/v 
H,SOI,, 1 :3 v/v 
Me,CO, 0.15 M 
Me,CO, 0.15 M 

neat liquid 
Me,CO, 0.15 M 

H,O, 0.5 M 

H,O, 0.5 M 

+62.01 k 0.14 
+ 6 2 f  1 
+64.01 f. 0.30 
(+58 f 1 ??) 
+59.20 k 0.3 1 
+58.01 k 0.37 
+84.38 k 0.59 

(+81 k 6) 
+I09  f 3 
+111 f 2 
+119 f 2 

+60 f 3 
+64 f 3 
+67 f 4 

+I81 k 1 

+89 f 4 
+91 f 3 
+95 f 4 

+209 f 2 
+212 k 2 
+67 4 
+71 f 4  

+222 k 4 
+ 2 2 7 k  3 
+ 178.96 f 0.09 

+ 6 4 f  1 
+64.0 -+ 0.5 
+78.8 k 0.5 

+193.1 t 0.5 
+44 1 
+ 8 4 f  1 
+92 k 2 
t85 .4  t 0.2 
+97 f I 
+la? 10 

a 
b 
a 
b 
a 
a 
a 
b 
c 
c 
c 
c 
c 
c 

c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
a 
b 
d 
d 
d 
b 
b 
b 
e 
b 
b 

Ref. 61, see also Table VII for comments; I4N spectra, concentric spherical sample 
containers, full lineshape analysis. 
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It is possible, however, to obtain sydnonimine derivatives of the type 
[371. Structure [371 has three nitrogen resonance signals in its spectrum. 

+ 109 ppm 
Me-C-NO N +27 ppm 

+205 0’ 
PPm 

N-acetylsydnonimine (371 

(1 1 1) The assignments of which are based on selective ‘5N-labelling and 
provide spectroscopic proof of the identity of the molecular structure as 
[371. 

K. Azines and their derivatives 
Six-membered conjugated heterocycles which contain nitrogen atoms 

(azines) have also been extensively examined by nitrogen NMR methods 
(ref. Id, pp. 218-219). Additivity rules for their nitrogen chemical shifts, 
relative to that of pyridine, have been reported (1 13) in terms of 1,2- 
(-73 & 4 ppm), 1,3- (+22 k 3 ppm), and 1,4-interactions (-20 & 6 ppm) 
in .the six-membered ring. The observed shift for 1,2,4,5-tetrazine (1 13) 
[381, where each nitrogen atom is involved in all three such interactions 

-5 k 1 ppm from CH,NO, 
N-y I t  

N.+5N 

[381 
with the remaining nitrogen atoms, comes very close to the calculated 
value of -73 + 22 - 20 = -71 ppm from pyridine or about -9 ppm 
from nitromethane. 

The relative nitrogen screening constants of pyridine, pyrazine, 
pyridazine, pyrimidine, 1,3,5-triazine and 1,2,4,5-tetrazine show a very 
good linear correlation with theoretical values of the local paramagnetic 
term calculated by the AEE approximation. (47) A similarly satisfactory 

.- 

Ref. 105, proton spectra, I4N decoupling, originally referred to “NHP ion’’, probably 
that in 4 . 5  M N H 4 N 0 3  in 3 M HCI, +357 .10  ppm from neat CH,NO,, Table VII, as 
indicated in previous work, ref. 114; large deviation of pyridine shift for acetone solution from 
that in Table VII  suggests that experimental errors are much larger than reported, particularly 
for dilute solutions. 

Ref. 101, I4N spectra, originally referred to internal CH,NO,, recalculated according to 
Table VII. 

Ref. 11  5 ,  lJN spectra of labelled quinoline, originally referred to 5 M NH,CI in 2 M HCl, 
+352 .49  ppm from neat CH3N0, ,  Table VII. 

Ref. 36 natural-abundance ”N spectra. 
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TABLE XXII 

Nitrogen screening constants of some azoloazines in ppm, referred to external neat nitromethane 

14N resonance 
Nitrogen screening half-height 

Compound Solution constant width (Hz) 

Indolizine (Pyrrocoline) Et,O, satd. 
8 .  

3-Azaindolizine Et,O, 0.5 M 

(Pyrazolo[ 1,5-alpyridine) 

2-Azaindolizine Et,O, 0.5 M 
(Imidazolo[ 1,5-alpyridine) 

1- Azaindolizine Et,O, 0.5 M 
(Imidazolol 1.2-alpyridine) 

03 
2.3-Diazaindolizine Et,O, 0.5 M 
(1,2,3-TriazoloI 1,5- 

alp yridine) 

p N  \ N.{ 

1,2-Diazaindolizine Et,O, 0.5 M 
( 1,2,4-TriazoloI4,3- 

alpyridine) 

1,3-Diazaindolizine Et,O, 0.5 M 
(1,2,4-Triazolo[ 1,5- 

alpyridine) 

+191.2 f 0.2 

+79.2 _+ 1.7 (N3) 
+ 145.4 f 0.3 (N4) 

+141.6 f 4.2 (N2) 
+ 1904  f 0.2 (N4) 

+135.5 f 1.0 (Nl)  
+181.6 f 0.2 (N4) 

+44.8 f 3.2 (N2) 
-26.7 f 3.9 (N3) 

+ 123.8 f 0.2 (N4) 

+64.9 f 4.2 (NI) 
+ 122.0 f 9.0 (N2) 
+ 189.4 f 0.2 (N4) 

+153.9 f 1.0 (Nl)  
+98.0 ?r 2.2 (N3) 

+ 144.6 f 0.3 (N4) 

86 f 2 

342 f 18  
89 f 3 

917 f 56 
93 f 2 

270f  10 
5 4 f  1 

7 0 2 5  15 
1210 f 69 
156 f 2 

632 f 28 
1285 f 149 

93 f 2 

264 ?r 10 
616 f 32 
104 f 2 

Notes 

a 

a 
a 

a 
a 

a 
a 

a 
a 
a 

a 
a 
a 

a 
a 
a 
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T A B L E  X X I I - c o ~ ~ .  

I4N resonance 
Nitrogen screening half-height 

Compound Solution constant width (Hz) Notes 

1,2,3-Triazaindolizine Et,O + Me,CO +65.7 & 1.2 ( N I )  224 & 9 U 

(Tetrazolol1,5-alpyridine) ( I  : I), satd. +74.4 k 11.2 (N2) 1275 f. 260 u 
+13.9 & 2.4 (N3) 344 & 31 U 

+ 133.1 & 0 . 2  (N4) 68 & 2 a$ a 

5-Ph-tetrazoloI5,l- DMSO +71.0 & 0 . 2  (NI)  - b 
clquinazoline +30.4 & 0 . 2  (N3) - b 

1 2  

(I Ref. 63, I4N spectra, originally referred to internal CH,NO,, recalculated with CH,NO, 
shift in Et,O, +3.9 ppm from neat CH,NO,, or that for 1 : I Et,O +(CH,),CO solvent, 
+2.3 ppm from neat CH,NO,, Table VII; shifts and line-widths (for unsaturated signals) are 
obtained by complete line-shape analysis using differential saturation method; errors quoted are 
standard deviations for the fitting of about 200 data points: assignments are based on 
independent comparisons of experimental values of shifts and line-widths with theoretically 
calculated ones. 

Ref. 104, I5N spectrum of compound labelled at N- l  and N-3, referred to external CH,NO,. 

agreement has been reported for the azoloazines shown in Table XXII. 

It should be noted that the nitrogen chemical shifts of azines are 
sensitive to medium effects, and that usually the values for aqueous 
solutions depart from those in organic solvents by 10-20 ppm to lower 
frequencies (Table XXI). 

The tautomeric equilibria between hydroxy-pyridines and the cor- 
responding pyridone or betaine forms (Table XXI) have been 
determined (101) with quite good accuracy from the nitrogen chemical 
shifts due to the fact that the corresponding N-Me and &Me 
derivatives (Tables XV and XXI) [391 to [421, are characterized by 
such different chemical shifts that the possible errors in assigning these 
values to the corresponding NH and OH tautomers (probably not larger 
than 3 ppm) are not critical here. The same applies to the isomeric pair 
of 3-MeO-pyridine and N-Me-3-oxypiridyl betaine (Table XXI) [431, 
[44]. The shifts for the N-Me and 0-Me derivatives have been used, 
together with those observed for the NH and OH forms in an 
equilibrium, to yield the following estimates of the tautomeric equilibria 

(63) 
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I 
Me 

ca. +244 ppm 

I391 

0 0  
I 

Me 
ca. +215 ppm 

I411 

(-JOB NO 

I 
Mk 

ca. + 181 ppm 

I431 

in (CH,),CO 
in CH,OH 

in (CH,),CO 
in CH,OH 

ca. +9 1 ppm 

1401 

QOMe 

ca. + 1 14 pprn 

1421 

QoMe 

ca. +65 ppm 

I441 

[451 
8 f 4 %  

4 5 4 %  

OH 

I461 
17 5 4% 
l o ?  4% 

H 

92 4% 
96 f 4% 

0 6 I 

H 

83 f 4% 
90 f 4% 
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H 
1471 

in CH,OH 97 * 3% 3 * 3% 

[451 to [471. Nitrogen chemical shifts are far superior to those of I3C in 
the estimation of such equilibria because the 13C shifts in this case are 
only slightly different for the various tautomeric forms. The differences 
usually occur within the range pf possible solvent and concentration 
effects, and within that due to the effects of N- or O-methylation on the 
shifts of model compounds. (101) 

Protonation of the nitrogen atoms in azine ring systems results in an 
appreciable increase in the screening of the nitrogen nucleus, (Id) 
according to the general trend in the shifts produced upon coordination 
of the lone electron pair in an unsaturated system. Some accurate data 
have recently been reported for the pyridinium [48bl and quinolinium 

I 
H 

+ 179 ppm 

148b1 
(for aqueous solutions) +84 ppm 

[48al 

00 
+99 ppm 

[48cl 

ions (Table XXI). The same direction for the change of the shift is 
observed when the lone pair at the nitrogen atom [48al is replaced by a 
N-oxide bond (Table XXIII), [48cl. However, the magnitude of the 
displacement is smaller than that for the formation of the corresponding 
azinium ion. The shifts of azine N-oxides follow a linear relationship 
with those for the parent azines (45, 116) which may be used for 
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TABLE XXIII  

Nitrogen screening constants of some mine N-oxides in ppm ( & I )  if not stated otherwise, 
referred to external neat nitromethane 

Compound 

~~ 

Nitrogen screening 
Solvent constant Notes 

Pyridine N-oxide 

2-NH2-pyridine N-oxide 
3-NH2-pyridine N-oxide 
4-NH2-pyridine N-oxide 
2-NMe2-pyridine N-oxide 

3-NMe2-pyridine N-oxide 

4-NMeZ-pyridine N-oxide 

2-OH-pyridine N-oxide 

3-OH-pyridine N-oxide 

4-OH-pyridine N-oxide 

2-OMe-pyridine N-oxide 
3-OMe-pyridine N-oxide 
4-OMe-pyridine N-oxide 
2-CH20H-pyridine N-oxide 
3-CH20H-pyridine N-oxide 
4-CH20H-pyridine N-oxide 
2-Me-pyridine N-oxide 

3-Me-pyridine N-oxide 

4-Me-pyridine N-oxide 

2-CI-pyridine N-oxide 
3-CI-pyridine N-oxide 
4-CI-pyridine N-oxide 
2-Br-pyridine N-oxide 
3-Br-pyridine N-oxide 
4-Br-pyridine N-oxide 
2-CN-pyridine N-oxide 
3 -C N-pyridine N-oxide 
4-CN-pyridine N-oxide 
2-COMe-pyridine N-oxide 
3-COMe-pyridine N-oxide 

Me,CO 
MeOH 
CHCI, 

MeOH 
MeOH 
MeOH 
Me,CO 
MeOH 
Me,CO 
MeOH 
MeOH 
CHCl, 
CHCl, 

MeOH 

MeOH 

Me,CO 
Me,CO 
Me,CO 
MeOH 
MeOH 
MeOH 
Me,CO 
MeOH 
Me,CO 
MeOH 
Me,CO 
MeOH 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
MeOH 
MeOH 

Me,CO 
Me,CO 

H I 0  

H2O 

HZO 

H2O 

H2O 

+ 86 
+96 
+89 
+99 

+ 140 f 3 (NO) 
+ 102 f 2 (NO) 
+139 f lO(N0)  
+ 106 
+122 f 2 

+85 
+I02 f 2 
+152 f 8 
+I35 f 5 
+I58 f 10 
+162 & 10 

+98 f 4 
+I01  f 4  
+144?  5 
+136f  8 
+146 f 10 

+91 
+ 103 
+ 107 
+ lo2  f 2 

+99 f 3 
+86 
+99 f 2 
+83 
+97 f 2 
+88 

+lo7  f 2 
+89 
+81 
+85 
+87 
+ 80 
+85 
+89 (NO) 
+92 (NO) 
+90 (NO) 

+88 
+104f 2 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

a 
a 
a 
a 

a 

a 
a 
a 
a 
a 
a 
a 
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T A B L E  XXIII-CON. 

Compound 
Nitrogen screening 

Solvent constant Notes 

4-COMe-pyridine N-oxide 
2-CHO-pyridine N-oxide 
3-CHO-pyridine N-oxide 
4-CHO-pyridine N-oxide 
2-COOH-pyridine N-oxide 

3-COOH-pyridine N-oxide 
4-COOH-pyridine N-oxide 
2-N02-pyridine N-oxide 
3-N02-pyridine N-oxide 

4-N02-pyridine N-oxide 

2-(2-pyridyl)-pyridine N-oxide 
3-(3-pyridyl)-pyridine N-oxide 
4-(4-pyridyl)-pyridine N-oxide 
Quinoline N-oxide 

Isoquinoline N-oxide 

Acridine N-oxide 
Pyridazine N-oxide 

Pyrimidine N-oxide 
Pyrazine N-oxide 

Phthalazine N-oxide 

Cinnoline I-N-oxide 
Cinnoline 2-N-oxide 
Quinazoline 1 -N-oxide 
Quinazoline 3-N-oxide 

Quinoxazoline N-oxide 

Phenazine N-oxide 

Cinnoline N,N'-dioxide 

Me,CO 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
H2O 
HZ0 
H2O 
Me,CO 
Me,CO 
MeOH 
CHCI, 
Me,CO 
MeOH 
CHCI, 
H2O 
H2O 
H2O 
Me,CO 
MeOH 
CHCI, 
Me,CO 
MeOH 
CHCI, 
Me,CO 
Me,CO 
MeOH 
CHCI, 
Me,CO 
Me,CO 
MeOH 
CHCI, 
Me,CO 
MeOH 
Me,CO 
Me,CO 
Me,CO 
Me,CO 
MeOH 
Me,CO 
MeOH 
CHCI, 
Me,CO 

DMSO 
H2O 

+77 
+81 
+82 
+ 73 

+I03  
+ lo6  f 3 

+82 f 6 
+79 _+ 8 
+99 (NO) 
+82 (NO) 
+92 + 2 (NO) 
+82 _+ 2 (NO) 
+71 (NO) 
+79 (NO) 
+73 (NO) 
+98 f 2 (NO) 
+94 f 2 (NO) 
+98 f 5 (NO) 
+95 

+ 107 
+99 
+90 

+97 

+ 5 5  (NO) 
+59 (NO) 
+57 (NO) 
+91 (NO) 
+68 (NO) 
+73 (NO) 
+70 (NO) 
+67 (NO) 
+77 (NO) 
+59 (NO) 
+53 (K3) 
+96 (NO) (calcd.) 
+92 2 (NO) 

+ 105 f 2 (NO) 
+77 (NO) 
+84 (NO) 
+80 (NO) 
+90 f 2 (NO) 
+97 f 3 (NO) 
+68 _+ 5 (NO, N'O) 

+I12  f 2 

+ 1 1 0 f 2  

a 
a 
a 
a 
a 
a 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

U 
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T A B L E  XXIII-Cant. 

Nitrogen screening 
Compound Solvent constant Notes 

Quinazoline N,N’-dioxide DMSO +90 f 5 (NO, N‘O) b 
Pyrazine N,N‘dioxide DMSO +96 f 5 b 
Quinoxaline N,N’-dioxide H2O +I05 f 4 b 

DMSO +I03 f 3 b 
Phenazine N,N‘-dioxide (CCI,),CO +lo3 f 5 b 

H2O +I06 f 5 b 

a Ref. 116, spectra, originally referred to internal CH,NO,, recalculated with solvent 
shifts for CH,NO, from Table VII. 

Ref. 45, 14N spectra, originally referred to internal CH,NO,, recalculated with solvent 
shifts for CH,NO, from Table VII; the screening of quinazoline I-N-oxide, a compound 
hereto unknown, is calculated from the additivity rules for the nitrogen screening of azine 
N-oxides. 

predicting the shifts for azines from the data on the corresponding N- 
oxides and vice versa. There is also a reasonable correlation of the azine 
N-oxide shifts with the SCF-PPP calculated n-charge densities at the 
nitrogen atoms. (45) 

A regression analysis has been performed (45) on the chemical shifts 
of some azine-N-oxides in terms of 10 parameters which include 
interactions between the N-0 moiety and the nitrogen atoms at 
positions 2, 3, and 4 in the six-membered ring. Effects due to additional 
fused rings in the system and corrections for interactions between 
“pyridine-type” nitrogen atoms are also included. The additivity rules 
for the shifts are then used to predict those for a number of azine N- 
oxides which have been hitherto unknown or not examined by nitrogen 
NMR spectroscopy. (45) 

The borane adducts of azine of the type [491 show a low-frequency 

shift of the corresponding nitrogen resonance signal, (92) but its 
magnitude is dependent on the character of the substituent groups R, 
since there is a clear p-effect (Table XXIV), similar to that observed for 
the BR, adducts of azoles. 
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T A B L E  X X I V  

Nitrogen screening constants of some borane adducts of azines and azolesn in ppm, referred 
to external neat nitromethane 

Compound 
Solvent 

or state 
Nitrogen screening 

constant 

N-BH,-pyridine 
N-BMe,-pyridine 
N-BEt,-pyridine 
N-BBr,-pyridine 
N,N'-(BEt,),-pyrazine 
N-BH3-2,6-di-Me-pyridine 
N-BH,-quinoline 
N-BMe,-quinoline 
N-BEt,-quinoline 
N-BH ,-8-Me-quinoline 
N-BH,-isoquinoline 
N-BMe,-isoquinoline 
N-BEt,-isoquinoline 
N-BH,-3-Me-isoquinoline 
N-BEt,-3-me-isoquinoline 

3-BH,-imidazole 
3-BMe3-irnidazole 

3-BEt,-imidazole 

1 -Me-3-BH3-imidazole 

I-Me-3-BMe,-imidazole 

l-Me-3-BEt3-irnidazole 

l-Et-3-BH3-imidazole 

I-Et-3-BMe3-imidazole 

l-Et-3-BEt,-imidazole 
1.2-di-Me-3-BH ,-imidazole 

1,2-di-Me-3-BMe,-imidazole 

1,2-di-Me-3-BEt,-imidazole 

I-SiMe,-3-BH,-imidazole 

1-SiMe,-3-BMe3-imidazole 

CH,CI, 
CH,CI, 
Et,O 
toluene 
CH,CI, 
CH,CI, 
CH,CI, 
CH,CI, 
Et,O 
CH,CI, 
CH,CI, 
CH,CI, 
Et,O 
CH,CI, 
CH,CI, 

CH,CI, 
CHQ, 

CH,CI, 

CH,CI, 

CH,CI, 

CH,CI, 

CH,CI, 

CH,CI, 

neat liquid 
CH,C12 

CH,CI, 

CH,CI, 

CH,CI, 

CH,CI, 

+140f.  5 
+ 1 1 2 + 5  
+112 f 10 
+152f.  5 

+ 8 4 f  10 
+ 146 f 5 
+139f  5 

+94 f 5 
+93 f 5 

+ I 5 8  f 10 
+154 & 10 
+I12  f 5 
+I13 f 10 
+152 f 10 

+ 8 5  f 10 

+209 f 10 
+21 I f 5 (NH) 
+ 168 & 10 (NB) 
+194f.  lO(NH) 
+I48  f IO(NB) 
+2 I8 f 5 (NMe) 
+ 177 f. 5 (NB) 
+221 f 10 (NMe) 
+ 153 f 10 (NB) 
+206 4 10 (NMe) 
+ 154 ? 10 (NB) 
+I96  10 (NEt) 
+ 180 & 10 (NB) 
+200 f. 5 (NEt) 
+ 136 f 10 (NB) 
+ 197 f 10 (NEt) 
+208 f. 10 (NMe) 
+I77  f lO(NB) 
+220 f 10 (NMe) 
+ 139 f 10 (NB) 
+202 f. 10 (NMe) 
+ 153 f. 10 (NB) 
+I75 f. 10 (NSi) 
+205 t 10 (NB) 
+I46  f 10 (NSi) 
+ 197 f 10 (NB) 
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~~ 

Compound 
Solvent 
or state 

Nitrogen screening 
constant 

I-SiMe3-3-BEt,-imidazole 

2-BH3-pyrazole 

2-BMe,-pyrazole 

I -Me-2-BH,-pyrazole 

I-Me-2-BMe3-pyrazole 

I -SiMe3-2-BH,-pyrazoIe 

1 -Me4-BMe3- I ,2,4-triazole 

N-BH,-isothiazole 
N-BMe,-isothiazole 

Et,O 

CH,CI, 

CH,CI, 

tetrahydrofuran 

neat liquid 

CH,CI, 

CH,CI, 

CH,CI, 

CH,CI, 
neat liquid 

+ I 5 5  f 10 (NSi) 
+ 193 f 10 (NB) 
+ I 5 7  lO(NH) 
+ I24 f 10 (NB) 
+ 156 f 10 (NH) 

+90 f 10 (NB) 
+ 173 f 5 (NMe) 
+ 145 f 5 (NB) 
+166 f 10 (NMe) 

+86 ? 10 (NB) 
+139 f 10 

+ I 1 3  f 5 

+ I 6 4  f 10 (NMe) 
+72 f 10 (N) 

+138 ? 10 (NB) 
+ I 3 6  f 5 
+I00 f 5 

“Ref. 92, “N spectra, originally referred to satd. aqueous NaNO,, +3.7 ppm from neat 
CH,NO,, Table VII;  for comments see Table X, footnotes d and e. 

L. Oximes and nitrones 
Oximes and nitrones are mutually isomeric structures [501, [ 5  11 

which are clearly distinguished by means of their nitrogen chemical 

RI,  OR^ 
R2/‘” 

oxime 
(or its ether) 

0 to +50 ppm 

I sol 

nitrone 

+75 to + 110 ppm 

[ 5  11 

shifts (Table XXV). The usual p-effect is observed for nitrones (Table 
XXV). 

PhCH=N(O)R R = Me -. t-Bu 

decrease in nitrogen screening 
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TABLE XXV 

Nitrogen screening constants of  some oximes and nitrones in ppm, referred to external neat 
nitromethane 

Compound 
Nitrogen screening 

Solvent constant Notes 

Me ,C =NOH 
Me,C=NOMe 

(Me,C=NHOH)@CI@ 
MeCH=NOH 
MeCH=NOMe 
H,C=NOH 

O e N O M e  

TI 
H O e N O  

2,4,6-TrimethylphenyI-CH=NOH 

@C,H,(CHl)l-2,4,6 

PhCH=N(O)Me 
PhCH=N(O)f-Bu 
PhCH=N(O)Ph 
PhCMe=N(O)Me 

Et,O, safd. 
neat liquid 
Et,O, 3 M 
conc. HCI, satd. 
Et,O, satd. 
Et,O, 1 M 
Et,O, 1 M 

Et,O, 3 M 

Me,CO, satd. 

DMSO 

CH,CI, 

Me,CO, satd. 
Me,CO, satd. 
Me,CO, satd. 
Me,CO, satd. 

+52 f 4 
+ I 2 2  1 
+ 1 2 +  1 

+lo7 f 7 
+31 5 2  

0 2 7  
+2 f 5 

+ 5 2 6  

-51 f 13 

+5.7 0.2 

+ 10.0 f 0.2 

+lo4 f 1 
+75 2 1 
+95 f I 

+ I 0 9 2  1 

a 

a 

b 

b 

Ref. 11 7, "N spectra, originally referred to internal CH,NO,, recalculated with the shifts 
of CHINO2 in (CH,),CO of +0.8 ppm, in Et,O of +3.9 ppm, and in conc. HCI of -1.9 ppm 
from neat CHINO,, Table VII. 

bRef. 34, 15N spectra of labelled compounds originally referred to what is reported as 
12 M(CH,),NCI in H,O, probably saturated (cn. 6 M), +336.7 ppm from CHINO2, Table VII. 

Oximes may be involved in tautomeric equilibria with nitroso 
compounds. The very large difference between the tautomeric forms, 
from the point of view of nitrogen screening as estimated (1 17) from the 
shifts of the corresponding methyl derivatives [521, [531, (Tables XXV 
and XXVIII), makes nitrogen NMR an attractive means of investigation 
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O e N O M e  

+ 5  ppm 

M e O e N O  

-428 pprn 

1521 1531 
of such equilibria. On the basis of the nitrogen chemical shifts, the 
following estimate has been obtained ( 1 17) for the equilibrium [541 

I 
NOH N O  

I541 

involving p-benzoquinone mono-oxime and p-nitrosophenol in 

M. Nitro compounds and nitrates 
The nitrogen chemical shifts of the NO, group in nitroalkanes and 

conjugated nitro compounds were extensively examined before 19 72 
(ref. Id, pp. 233-244). There is a clear /?-effect on the chemical shift in 
nitroalkanes (Id), 

80 f 4% 20 f 4% 

(CH,),CO. 

R-NO, R = Me -+ Et + i-Pr + t-Bu 
* 

decrease in nitrogen screening 

whilst electron-attacting substituents at the C-NO, carbon atom give an 
opposite effect. The NO, group attached to a conjugated ring is 
characterized by a shift to lower frequencies than that observed for the 
nitro group in nitroalkanes (Id). 

In the review period, additional data became available (1 18) for 
nitroalkene systems (Table XXVI, note h). The structures with a double 
bond system separated from the NO,.group by at least one saturated 
carbon atom give NO, shifts within the range characteristic of 
nitroalkanes. However, the presence of a double bond in a position 
conjugated to the NO, system results in an increased screening (Table 
XXVI) by 10-20 ppm [551, [561. 

CH,=CH-CH,-NO, CH,-CH=CH-NO, 
-6.5 ppm 

[551 
+2 PPm 

[561 
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T A B L E  X X V I  

Nitrogen screening constants of some nitro compounds and their derivatives in ppm, referred 
to external neat nitromethane 

Compound 

NO? (Nam) 

MeNO, 

(COOMe),CHNO, 
[(COOMe),CNO, I"Nam 
(COOMe),C=N(O)OMe 
(COOMe),C=N(O)OSiMe, 

PhNO, 
c (NO),), 

o-(.%Me,)-C,H,-NO, 
m-(SiMe,)-C,H,-NO, 
p-(SiMe,)-C,H,-NO, 
Z-NO,-pyrrole 

its Naa  salt 

N-Me-2-NO,-pyrrole 
3-N02-pyrrole 
its Na@ salt 
2,4-Dinitropyrrole 

2.5-Dinitropyrrole 

its Na@ salt 

4(5)-NO,-imidazole 
its Na@ salt 
its protonated form 
N-Me-4-NO,-imidazole 
2-Me-4( 5)-NO,-imidazole 
its K O  salt 
4,5-Dinitroimidazole 

its K @  salt 
2-Me-4,5-dinitroimidazole 
its K@ salt 
CH,=CHCH,NO, 
MeCH=CHNO, 
MeCH=C(Me)NO, 
CH,=C(I-Bu)NO, 

Solvent Nitrogen screening 
or state constant 

H,O, 0.30 M -227.60 f 0.33 
7.56 M (satd.) -228.89 f 0.25 

neat liquid 0.0000 (arbitrary) 
0.3 M. various solvents -2 to +7  
neat liquid 

Me,CO' 
neat liquid 
neat liquid 
neat liquid 
CCI,, 0.30 M 
CDCI, 
CDCI, 
CDCI, 
Me,CO 

H,O 

H,O 

Me,CO 
Me,CO 
H,O 
Me,CO 

Me,CO 

H2O 

H,O 
H,SO, 
DMSO 
DMSO 
H 2 0  
Me,CO 
DMSO 
H,O 
Me,CO 
H2O 
neat liquid 
DMF 
DMF 
neat liquid 

DMSO 

+ I 6  f 4  
+31 f 5  
+70 k 5 
+ 1 8 i 4  
+46.59 f 0.09 

+9.56 f 0.12 
+12.18 f 0.18 

+5.1 t 0.2 
+9.6 f 0.2 
+9.9 & 0.2 

+22.5 t 1 (NO,) 
+23.1 t 0.5 (NO,) 
+27.5 k I (NO,) 
+28.3 f 0.5 (NO,) 
+22.5 t 1 (NO,) 
+13.5 t 0.5 (NO,) 
+ 16.3 t 0.5 (NO,) 
+25.7 t 0.5 (2-NO,) 
+ 18.3 f 0.5 (3-NO3 
+25 f I (NO,) 

+ I 4  f 1 (NO,) 

+ 16 f 2 (NO,) 
+ 14 f 2 (50OC) (NO,) 
+30 f 1 (50OC) (NO,) 
+17 f 2 
+ 16 f 2 (NO,) 
+ 19 t 3 (NO,) 
+28 f 1 (NO,) 
+28 k 2 (NO,) 
+ 17 f 2 (NO,) 
+27 k I (NO,) 
+ 17 f 2 (5OOC) (NO,) 

+25.5 t 0.5 (NO,) 

+ 13.7 t 0.5 (NO?) 

-6.5 & 0.5 
+ 2 f 2  
-2 t 2 
-2 f 1 

Notes 

a 
a 
a 
d 
b 
b 
b 
b 
a 
a 
a 
c 
c 
c 
d 
d, e 
f 
J g  
d 
d, e 

J g  
d, e 
d, e 
d 
d, e 
f 
J g  
d 
f 
f 
d 
d 
f 
d 
d 
f 
d 
f 
h 
h 
h 
h 
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T A B L E  XXVI-cont .  

Solvent Nitrogen screening 
Compound or state constant Notes 

3-NO,-cyclopentene DMF -20 f 2 h 
2-Me-3-NO,-cyclopentene DMF -20 f 1 h 
1 -NO,-cyclohexene DMF +5 f 2 h 
3-NO,-cyclohexene DMF -18 f 1 h 
2-Me-3-NO,-cyclohexene DMF -17 f 2 h 
1 -NO,-cycloheptene DMF O f 2  h 
(CH,=CHCHNO,)ONa@ 20% NaOH +76 f 5 h 
NaO salt of 3-nitrocyclohexene 20% NaOH +84 f I5 h 
NaQ salt of 2-Me-3- 

nitrocyclohexene 20% NaOH +84 f 15 h 

MeN(NO,)BEt, CH,CI, +27 f 2 (NO,) i 
EtOC(=O)NHNO, neat liquid +47 f 2 (NO,) i 

MeN=N(O)OBEt, CH,CI, + 5 5  f 2 (NO) i 
MeN(NO,)BEt, . pyridine pyridine +21 f 2 (NO,) i 

Ref. 61, 14N spectra, concentric spherical sample containers, full lineshape analysis by 

Ref. 2 16, 14N spectra, originally referred to external, neat CHINO,. 
Ref. 2 17, "N spectra of labelled compounds. 
Ref. 106, I'N spectra, originally referred to external CH,NO,. 
Same as in footnote (d), 15N natural-abundance spectra. 

'Ref. 110, 14N spectra, originally referred to external CHINO,. 
Same as in footnote (f), 15N natural-abundance spectra. 
Ref. 118, 14N spectra, originally referred to internal CH,NO,, recalculated with CHINO, 

shift in DMF of -0.7 ppm from neat CHINO,, Table VII and that for satd. aqueous NaNO, 
of +3.5 ppm. 

Ref. 119, I'N and 15N natural-abundance spectra, referred to CHINO, ("N) or 
EtOCONH'5N0,; shift of the latter is erroneously assumed to be +41 ppm from CH,NO,, 
whilst comparison of 14N and 15N shifts reported for the same compound suggests +47 ppm. 

differential saturation method, see Table VII for details. 

Precise data for CH,NO, and C,H,NO, in dilute solutions, (61) in 
Tables VII and XXVI, indicate that there are considerable solvent 
effects on the NO, shift. It is interesting that the shift for CH,NO, in 
H,O is the same as in concentrated aqueous HCI (Table VII), and that 
CCl, as a solvent gives an extreme low-frequency value for the CH3N0, 
shift. 

Nitroalkanes [571 are isomeric with aci-nitroalkanes [581 and the 

H 
I 
I 

-C-NO, \ 7 O  
'OH 

,C=N 
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nitrogen chemical shifts for such isomeric pairs seem to be quite 
different (1 18) [59al, [59bl, as shown in Table XXVI. 

(MeOOC),CH-NO, (4 + 16 PPm 

0 

‘OMe 
(MeOOC)2C=N/r 

I591 

Anions derived from nitro compounL; are characterized by a broad 
range of nitrogen chemical shifts (Table XXVI). There is no significant 
difference between the shifts of the NO, moiety of nitro derivatives of 
azoles and the corresponding sodium or potassium salts, but anions 
derived from nitroalkenes show a considerable increase in the nitrogen 
shielding when compared with the parent compounds. 

The NO, group in nitramines, R,NNO,, is known (ref. Id, p. 241) to 
exhibit its nitrogen resonance at lower frequencies than that of C-nitro 
compounds. Some further examples (Table XXVI) are available from 
recent studies (1 19) on the isomeric systems [601, [61]. 

Me\ N-NO, 
Et,B’ 

7 0  N=N Me-.. 
‘OBEt, 

+27 PPm (NO,) + 5 5  ppm (NO,) 

[601 1611 

Covalent nitrates, R-0-NO,, are characterized by an even larger 
shift to lower frequencies of the nitrogen resonance (ref. Id, p. 241). 
Further examples are given in Table XXVII. The nitrate ion, NO?, gives 
a resonance signal at about +3-5 ppm in neutral aqueous solutions, 
almost in the centre of the range of the CH,NO, shifts in various 
solvents. However, it is sensitive to pH and concentration in acidic 
solutions (Table VII). The chemical shift of HNO, is so concentration 
dependent that it may serve as a measure of the concentration (Tables 
VII and XXVII). 

The increased screening of nitrogen, from cu. +3.5 ppm for very 
dilute solutions, to cu. +48 ppm for 100% HNO, may result from the 
increasing concentration of the HONO, species [621, since the same 
shift is observed for simple covalent nitrates, CH,ONO, and 
C,H,ONO, (Table XXVIII). The addition of 100% H,SO, to 100% 
HNO, results in a further increase in screening, up to a value of + 130 
ppm which is characteristic of the NO? ion [631 (Table XXX) and may 
be explained as being due to the increasing concentration of the latter. 
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H @ + N O P  - HONO, 
+3-5 ppm [621 +48 ppm (?) 

HONO, + H,SO, - NO? + other species 
+48 ppm (?) [631 + 130 ppm 

This is certainly an oversimplification since the chemical shift for 100% 
HNO, may represent a weighted average of those for the various 
molecular species present. 

Since the nitrate group, NO?, has been shown by X-ray crystal- 
lography (ref. 71, and references therein) to behave as a unidentate, 
MONO,, bidentate, MO,NO, bridging bidentate, MON(0)OM or 
bridging terdentate, MON(OM)OM, ligand, an attempt has been made 
(71) to obtain information about the type of bonding of the NO? group 
in diamagnetic inorganic nitrates and nitrato-complexes in solution 
(Table XXVII). Indications of covalent bonding to metal are obtained 
from the increased screening of the nitrogen nuclei when compared with 
the NO? ion. However, the nitrogen chemical shifts seem to be the same 
for both the unidentate and bidentate systems of bonding. (7 1) 

N. Nitroso compounds 
The nitroso group, NO, is known (ref. Id, p. 244) to have its nitrogen 

resonance signal at the high-frequency limit of the range of relative 
nitrogen screening constants for diamagnetic molecules. More recent 
data are given in Table XXVIII. 

In nitroso-amines, R,NNO, the shift for the NO group is about -160 
ppm, whilst that for the amino moiety is about + 130 ppm and it shows 
the usual p-effect upon replacing CH, with C,H, (Table XXVIII). The 
nitrogen signal of the NO group in conjugated nitroso compounds 
appears at far higher frequencies, -400 to -550 ppm from CH,NO,. It 
seems that the screening constant is very sensitive to substituent effects, 
since the difference between p-MeO-nitrosobenzene and nitrosobenzene 
is about 100 ppm. Because the nitrogen screening constant of the NO 
group is so different from those of other nitrogen-containing structures, 
nitrogen NMR may easily detect its presence. Tautomeric equilibria 
between p-benzoquinone mono-oxime and p-nitrosophenol as well as  
between various possible tautomers of 2,4-dinitrosoresorcinol ( 1 17) 
offer good examples of potential applications of nitrogen NMR in 
structural investigations. 

0. Azo and diazo compounds 
Simple azo compounds, [641, where R can be an alkyl or an aryl 

substituent, are known (Id, p. 231) to have their nitrogen resonance 
signals at -130 to -155 ppm from CH,NO,. The recent data (Table 



NITROGEN NMR SPECTROSCOPY 207 

TABLE XXVII 

Nitrogen screening constants of some nitrates in ppm, referred to external neat nitromethane 

Compound 
Nitrogen screening 

Solvent or state constant Notes 

NO$' (KO) 
NO$' (NaQ) 

NO? (NH,O) 
HNO, 

O,NONO, 

MeC (=O)ONO, 
MeONO, 

EtONO, 

Ti(O,NO), 
~NOIQIAu(ONO,),lo 
(CrO,)(NO,), 

Sn(O,NO), 
AI(NO,), . 2  MeCN 
INO,lQIGa(NO,),~o 

(VO)(NOJ, 
MeHgNO, 
~NH,l,lCe(ONO,),l 

H,O, 0.30 M +3.55 f 0.12  
H,O, 0.30 M +3.53 0.14 

+3.70 f 0.12  7.93 M (satd.) 
H 2 0 ;  HCI; HNO, +3.98 tO+6.30 
H,O, 1 . 0 0 M  +4-43 5 0.1 1 

7.00 M +12.59 f 0.12 
10.00 M +18.23 f 0.13 
15.71 M (70.0%) +31.31 f 0.08 

neat liquid +47 f 2 
neat liquid +66 f 2 
MeNO, +62 f 2 
neat liquid +68 f 2 
neat liquid +40f  2 
CCI, +40 f 2 
neat liquid +40 f 2 
CCI, +41 f 2  
CCI,; MeNO,; HNO, (100%) +29 f 2 
MeNO, +29 f 2 (ONO,) 
neat; CCI, + 2 1 *  2 
100% HNO, +29 f 2 
CCI,; MeNO, +28 f 2 
MeCOOEt +26 f 2 (NO,) 
MeNO, +26 f 2 (NO,) 

neat; CCI,; MeCN; 100% HNO, +25 f 2 
benzene + I 8  f 2 
PO(OBu), + I 8  f 2 
EtOH +I5 f 2 
H*O + I 2  f 2 
MeCN + I l k 2  
propylene carbonate +9 * 2 
CCI, +I5 f 2 
100% HNO, +I7 f 2 
MeCN +13 * 2 
H,O + 9 f 2  
MeOH + 8 + 2  

+I29 f 2 (NO2)@ 

a 
a 
a 
a 
a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

RuNO(NO~,),(H,O),. xH,O PO(OBu), +8 f 2 (NO,) b 
Cd(NO,),.MeCN MeC N +6 f 2 b 
1 Ph,Asl,lCd(NO,), I MeCN +4 f 2 b 

a Ref. 61, I4N spectra, concentric spherical sample containers, full lineshape analysis by 
differential saturation method, see Table VII for details and comments. 

"ef. 71, I4N spectra, referred to NO? in saturated aqueous NH,NO,, +3.98 ppm 
from neat CH,NO,; sample substitution technique is used and no experimental errors are 
reported (probably not smaller than f 2  ppm). 
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T A B L E  XXVIII 

Nitrogen screening constants of some nitroso compounds in ppm, referred to external neat 
nitromethane 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

Me,NNO Me,CO +I49 f 1 (N) 

Et,NNO Me,CO +I24 k 2 (N) 

MeN(NO)CH,CN Me,CO +I52 f 4 (N) 

-157k 1 (NO) 

-160 f 3 (NO) 

+ 126 f 4 (CN) 
-164 f 4 (NO) 

EtN(NO)CH,CN Me,CO -165 f 4 (NO) 

M e O e N O  Et,O, 3 M -428 f 10 

Me,CO, satd. -51 f 13 

O e N o H  

Nitrosobenzene Et,O, satd. -536 f 3 
Me,CO, satd. -529 k 4 

OH 

@No OH 

NO 

Me,CO, satd. -514 * 10 

c 

c 

c 
c 

c 

(1 Ref. 1 1  I ,  “N spectra, referred to external neat CH,NO,. 
Ref. 1 1  1, I4N spectra of ”N labelled compounds, CH,”N(NO)CH,CN, 

Ref. 117, 14N spectra, originally referred to internal CHINO,, recalculated with CHINO, 
CH,N(”NO)CH,CN, and CH,N(NO)CH,CIJN. 

shifts in (CH,),CO of +0.8 ppm, and (C2HJ),0 of +3.9 ppm from neat CHINO2, Table VII. 

XXIX) show that if R is a carboalkoxy group then the resonance is 
shifted to about -170 ppm. When R is a diakylamino group, a 
considerable increase in screening of the nuclei in the N=N moiety is 
observed when compared with other azo groups [641. In the case of 
[64cl the signal of the NR, group appears to exhibit the usual p-effect 
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T A B L E  X X I X  

Nitrogen screening constants of some azo and diazo compounds in pprn, refemd to external 
neat nitromethane 

Compound Solvent or state Nitrogen screening constant Notes 

Et2N-N=N-NEt2 

Me,N-N=N-NMe, 

EtOOC-N=N-COOEt 

n-BuOOC-N=N-CCOBu-n 
CH,-N@=N@ 

Ph,C=N@=N@ 

EtOOCCH=N@=N@ 

Ph-N=N-NMe, 

p-MeO-Ph-N=N-NMe, 

p-CI-Ph-N=N-NMe, 

p-NO,-Ph-N=N-NMe, 

Et,O 

neat liquid 

neat liquid 

Et,O 
Et,O, 1 : 1 v/v 
Et,O, 1 : 1 v/v 
Et,O 

CH,CI, 

? 

60% H,S04 

CDCI, 

CDCI, 

CDCI, 

CDC1, 

+52 f 6 

+303 f 7 (NEt,) 

+244 f 5 (NMe,) 
+37 f 5 (N=N) 

-23 ? 5 (N=N) 
-158 f 2 
-168 f 2 
-169 f 2 

+95 f 2 (terminal) (?) 
-9 & 2 (central) (?) 

+86 f 2 (terminal) (?) 
-55 f 2 (central) (?) 

+ 115 f 2 (terminal) (?) 
+24 & 7 (central (?) 

+ 140 f 0.5 (No) 
+23 f 0.5 (No) 

+20.6 f 0.3 (NPh) 
-71.4 f 0.3 (N) 

+225.4 f 0.3 (NMe,) 

+228.3 f 0.3 (NMe,) 
-71.4 f 0.3 (N) 

+25.4 f 0.3 (NPh) 
-70.9 f 0.3 (N) 

+223.8 f 0.3 (NMe,) 
+32.7 f 0.3 (NPh) 
-75.3 f 0.3 (N) 

+214.7 f 0.3 NMe,) 

a 

a 
a 
a 
a 
a 
c 
c 
a 
a 
a 
a 
a 
a 

b 
b 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
d 

“Ref. 57, “N spectra, originally referred to NHP ion in aqueous saturated NH,NO, as 
external reference, +359.55 ppm from neat CHINO,, Table VII; signal assignment for 
=N@=N@ groups is dubious since reversed assignment is suggested by data from footnote (b). 

Ref. 120, 15N spectra of singly labelled compounds, at Ne and No, respectively; originally 
referred to external KNO,, +3.5 ppm from neat CH,NO,, Table VII. 

Ref. 121, I4N spectra, referred to external CH,NO,. 
Ref. 122, I5N spectra of labelled compounds, originally referred to “acidified saturated 

aqueous NH4CI”, probably ca. +352.7 ppm from neat CH,NO,, Table VII. 
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Shielding in N = N  moiety 
-130 to -155 ppm 

-20 to +40  ppm 

(a) R=Et, Ph 

(c) R=NR; 

[641 

R-N=N-R (b) R S O O R ’  ca. - 170 ppm 

upon replacing the CH, group by C,HS. The shift of the NR, group is 
almost the same in unsymmetrical structures such as those of the aryl 
triazenes (Table XXIX, note d) [651. The assignments reported in Table 
XXIX, for the N=N signals of aryl triazenes, (1 22) are tentative, since 
the shift at about +25 ppm has been ascribed to the N-C,H, nitrogen 
atom on the basis of larger chemical shift changes upon para- 
substitution. 

Ar-N =N-N R, 

[651 

The diazo, compounds which may be conventionally represented by 
structure [66], show two resonance signals in their nitrogen spectra 

(Table XXIX). The shift of the low-frequency signal, +86 to +I40 
ppm, seems to be less effected by the nature of the substitutents R. This 
has been used as an argument (57) for its assignment to the terminal 
(No) nitrogen atom. Comparison with the shifts of the azido group, R- 
N=N@=N@ have also been made. However, this appears to be 
misleading, since the measurements for selectively 15N labelled diazo 
derivatives (120), reported in Table XXIX (note b), show that the 
reversed assignment should be made, i.e., that the more highly screened 
nucleus belongs to the central (NO) nitrogen atom. 

The nitrogen spectra clearly differentiate between the isomeric 
structures of diazomethane [671 and diazirine [681. An attempt has been 

[671 

+52  ppm 

I681 
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TABLE XXX 

Nitrogen screening constants of some small inorganic molecules and ions in ppm, referred to 
external neat nitromethane 

Compound 
Solvent Nitrogen screening 
or state constant Notes 

N* liquid (77 K) 
NO? [Ga(NO,),]@ MeNO, 
HNO, neat liquid 
HNO, (100%) +H,SO, (100%) 14.7mol%H,SO, 

21~4mol%H,SO,  
32.2 mol% H,SO, 
41.1 mol%H,SO, 
59.7 mol% H,SO, 
65.7 mol% H,SO, 
76.9 mol% H,SO, 
77.Omol%H,SO4 
83.3 mol% H,SO, 
88.1 mol% H,SO, 

NNO CCI, (3OOC) 

See Table VII for some additional data 

+70.2 f 1.5 
+ 129 f 2 (NO?) 

+44.5 f 0.5 
+47.8 f 0.5 
+49.1 +_ 0.5 
+52.8 f 0.5 
+61.8 f 0.5 
+ 7 4 . 0 &  1 
+77.7 f 1 
+99.0 f I 

+101.2 f 1 
+120.7 f 1 
+129.7 2 1 
+ 148.0 f 0.1 (central) 
+232.3 f 0.1 (terminal) 

a 
b 
c 
c 
C 

C 

C 

C 

C 

c 
c 
C 

C 

d 
d 

~~ ~ 

Ref. 126, 15N natural-abundance spectrum of liquid N, at 77 K, originally referred to 
5 M NH,NO, in 2 M HNO,, +358.96 and +4.64 ppm from neat CHINO, (Table VII, by 
sample substitution method; possible errors include effects of a large difference in temperatures 
between sample and standard, and liquid oxygen contamination. 

bRef. 71, 14N spectra, referred to NO$ ion in saturated aqueous NH,NO,, +3.98 ppm 
from neat CHINO,, Table VII. 

‘Ref. 223, 14N spectra, originally referred to saturated aqueous KNO,, +3.7 ppm from 
neat CH,NO,, Table VII. 

dRef. 53, IJN spectra of doubly labelled NNO, originally referred to ca. 7 M HNO,, 
+ 12.6 ppm from neat CHINO,. 

made (57) to interpret the observed screening of the nitrogen nuclei in 
azo-, diazo and related structures in terms of molecular paramagnetic 
and diamagnetic terms according to Ramsey’s definition. However, the 
limitations of this approach must be taken into account when 
considering these results. 

P. Miscellaneous structures 
Reasonably accurate values of the nitrogen screening constants are 

now available for a number of simple ions and small molecules (Tables 
VII, XXX and XXXI). The recently measured value for liquid N,, (1 26) 
about +70 ppm from CH,NO,, resolves the contradition about this shift 
in the older data (ref. Id, p. 173, and references therein). 
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TABLE X X X I  
Nitrogen rrecnhp conrt.ata of aomc puanidinium, 
amidhiurn, hodurn and bothiourodum cat lod  

in ppm, referred to external neat nitrometbane 

Cation 
Nitrogen screening 

constant 

CWHz)? +318f  5 
HCWH,)? +271 f 5 
CH,=NMep +212 f 5 
(Me,N),CSMe@ +304 f 5 
(MeHN),CSMe@ +282 f 5 
(H,N),CSMe@ +274 f 5 

Ref. 80, 14N spectra, originally referred to 
satd. aqueous NaNO,, +3.7 ppm from neat 
CH,NO,; see footnotes (d) and (e) in Table X. 

The I5N spectrum of a diamagnetic complex of 15N, with 
permethyltitanocene (123) at -61OC shows a pair of doublets, which 
are assigned to the “end-on” complex structure 1691, and a singlet, 
attributed to the “edge-on” structure [701. The nitrogen chemical shifts 
(originally referred to what was reported as 1 1  M (C,H,),NCl in H,O, 
probably a saturated solution, cu. 4.6 M, Table VII) are recalculated 
here on the neat CH,NO, scale. 

-2 14 ppm -299 ppm 

1691 1701 

Various anions derived from ethylenediamine-tetraacetic acid 
(EDTA) have been investigated by I5N NMR spectroscopy. (124) The 
chemical shifts are referred to the tetra-anion [711, hence they cannot be 

BOOCCH,, / C H 2 C 0 0 0  
N-CH,CH,-N 

GOOCCH,’ ‘CH,COOO 

1711 

compared with those on the nitromethane or any other scale. For a 
number of EDTA complexes with closed-shell metal ions the range of 
shifts is + 5  to - 17 ppm from that of the tetra-anion. This small range of 
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observed shifts contrasts with the calculated changes in the diamagnetic 
term which provides a range of 300 ppm. (124) However, this is simply 
a consequence of the method adopted for calculating this term which 
has no physical meaning. (29) 

Some data are available (125) for some phenylhydrazones [721. These 
p0,N-Ph-NH-N=CHPh +214.9 ppm (NH) +57.2 ppm (“)Iin CDCl, 
pC1-Ph-NH-N=CHPh 

[721 
data are taken from 15N spectra of labelled compounds, the shifts are 
recalculated to the CH,NO, scale from the original standard, saturated 
aqueous NH4C1 which appears at +352.9 ppm from nitromethane, 
(Table VII). 

Q. Studies on paramagnetic molecules 
In a paramagnetic environment large shifts and broadened NMR 

signals are expected. (2b) The shifts may arise either from the presence 
of unpaired electron spin density at the nucleus concerned-contact 
shifts, or from anisotropy in the electronic g tensor4ipolar shifts. (2b) 

The line broadening is produced by the rapidly fluctuating local 
magnetic fields due to the unpaired electrons. Since nitrogen atoms often 
act as coordination centres in transition metal complexes, nitrogen 
NMR is a useful tool for investigating the bonding, structure and 
reactions of such molecules. 

Lincoln and West have used 14N NMR to obtain kinetic data on 
several ligand exchange reactions. Among the systems they have studied 
are cobalt(I1) complexes with acetonitrile, (1 28) acetonitrile exchange 
with cobalt(I1) complexes of triethylenetetramine, (129) 2,2’,2”-tri- 
aminotriethylamine, (130) 2,2’,2”-tri(N,iV-dimethylamino)triethyl- 
amine, (130) 2-hydroxymethyl-2-methylpropane- 1,3-diol, ( 13 1) 2,2‘,2”- 
nitrilotriethanol, (132) and 2,2-di(aminomethyl)propan- 1-01. (132) They 
have also reported on pyridine exchange in bis(pentane-2,4-dionato)- 
dipyridine cobalt(I1) and nickel(I1). (133) 

Several kinetic studies have been reported on nickel(I1) complexes 
including acetonitrile exchange (1 34, 136) with complexes formed by 
nickel(I1) and 2,2’,2“-triaminotriethylamine, (1 30) 2,2‘,2“-tri(N,N- 
dimethylamino)-triethylamine, ( 130) 2,2-di(hydroxymethyl)- 1 -propanol, 
(135) 2,2di(aminomethyl)-l-propylamine, (135) 2,2-di(aminomethyl)- 
1-propanol(l35) and 2,2’,2”-trihydroxytriethylamine. (1 35) 

Contact shifts in the 14N spectra of acetonitrile complexes of 
copper(II), nickel(II), cobalt(I1) and titanium(II1) have been in- 
vestigated. (136) Direct evidence for both positive and negative 
contributions to the shifts from u amd n ligand spin densities is reported. 

+233.6 ppm (NH) +51.4 ppm (N=) 
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Aniline and the fluoroanilines exhibit 14N contact shifts in the 
presence of (pentane-2,4dionato) nickel(I1). By comparing the shifts 
with spin densities calculated by the INDO molecular orbital procedure 
a structure is proposed for the complexes formed in solution. (137) 
Contact shifts have also been reported from the 14N spectra of some 
cobalt(I1) nitrate complexes. (138) In the case of [Co(H,O),NO,l@ the 
chemical shift of the nitrate ligand is reported to be 2360 & 100 ppm to 
high frequency of the free nitrate ion. (222) 

The importance of contact, rather than dipolar contributions to the 
shifts induced by lanthanide shift reagents in the NMR spectra of nuclei 
other than protons has recently been reviewed. (2b) A second order 
perturbation calculation of the spin density has provided an estimate of 
the relative contact shifts experienced by nuclei bonded to various 
lanthanide shift reagents. (1 39) The theoretical estimates are in 
agreement with the 14N NMR data on pyridine in the presence of 
lanthanide ions, showing that the contact interaction is dominant. 14N 
NMR studies, employing lanthanide shift reagents, have demonstrated 
their utility in deciding between structures whose I4N chemical shifts are 
close together. (140) 

R. Studies on diamagnetic metal complexes 

Some 15N NMR investigations have been reported on diamagnetic 
metal complexes. In one study evidence for the edge on coordination of 
molecular nitrogen in a titanium complex has been presented. (123, 143) 

Some pentammino cobalt(II1) complexes display a 15N chemical shift 
difference for the NH, groups cis and trans to a series of ligands X. 
(141) The shifts are found to be solvent dependent, in contrast to an 
earlier report (142) and are related to the Co-N bond strength. It is 
claimed that the Co-N bond trans to X is stronger than in 
[Co(NH,),13@ when X is H,O, Cl@ or Bra. The cis Co-N bond is also 
stronger but not as strong as the trans bond. When X is NO? the trans 
Co-N bond is still stronger than the cis but both are reported to be 
weaker than in [Co(NH,),l*@. (141) 

In the case of some Pt(I1) complexes of some unsymmetrical o,o’- 
dihydroxydiarylazo ligands [ 73a1, I5N parameters are reported to be 
useful in the solution of subtle structural problems. (125) lSN 
coordination shifts to lower frequencies of 179.6 and 63.8 ppm 
respectively are reported for [73bl and 173~1. 

The smaller coordination shift for the 15N nucleus in [73c] is 
consistent with its lone pair of electrons remaining free, whereas they are 
used for the coordination of the 15N atom in [73bl. The possibility of 
hydrazone structures [721 contributing to the molecule, rather than the 
azo-forms 1731, is excluded on the basis that the hydrazine nitrogen 
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I c (CH 3)3 

[73c1 

signal appears at more than 100 ppm to low frequencies of those in the 
azo structures.* 

VI. CORRELATION OF NITROGEN SPIN-SPIN COUPLING 
CONSTANTS WITH MOLECULAR STRUCTURE 

The problems encountered in dealing with the spin-spin coupling 
constants between 14N or 15N and other nuclei have already been 
discussed in detail (ref. le, pp. 26 1-3 17). Here we shall consider more 
recent observations which include also 15N-15N coupling. Since there is 
a simple relationship between the coupling constants of 14N or 15N with 
other nuclei, equation (29), 

J(14N-X) = -0.7129 J(15N-X) (29) 
and because most of the experimental data come from measurements on 
15N-labelled compounds, we have recalculated all observed 14N 

* Nore added in proof. The isotope effect has been reported for N,O, and related structures 
(225). Values of the order of 0.1-0.3 ppm are claimed. It probably arises from small differ- 
ences in the average N-N separation, in the vibrational ground state, for molecules with 
I4NN-l5N and "N-15N bonds. 
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couplings to those of I5N nuclei. Sometimes, it is convenient to use the 
reduced coupling constant, equation (30), 

K, = 4R2 Jij(hyi yj) 

where yi is the magnetogyric ratio of nucleus i, and the constant K is 
given in either ~ m - ~  or in NA2m-3 (1 NA2m-3 = 10 ~ m - ~ ) .  The 
following conversion factors may be used: 

-0.822 J(”N-H) (in Hz) = K(15N-H) (in ~ r n - ~ )  

8. 10J(15N-15N) = K(lSN-l5N) 
-3.26 J(”N-I3C) = K(I5N-”C) (3 1) 

A. ‘J( I5N-H) 
The one-bond coupling constant ‘J(N-H) has the largest absolute 

value among N-H coupling constants. It is negative when 15N is 
involved as shown for example, in the recent measurements on 15N- 
formamide in a lyotropic nematic phase (144) and in other 
investigations. (145, 146) It increases in absolute value with an 
increasing amount of s-character in the bonding orbitals (ref. le, p. 269). 

The nematic phase studies (144) on. I5N-formamide revealed, in 
addition to the scalar coupling constant J, the values of the dipolar 

o,\ ,H (1) D(”NH) ( 1 )  = + 130.0 HZ 
H,C-15N 

D(”NH) (2) = + 116.5 HZ ‘N (2) 

couplings, D( I5NH). The entire set of dipolar coupling constants, 
required to explain the observed nematic phase spectrum of formamide, 
suggests that the molecule is not planar under the experimental 
conditions employed, and that the average life-time of the non-planar 
form is greater than 0.1 sec. 

A recently developed technique of subtracting ‘5N-decoupled from 
15N-undecoupled proton spectra (8 1, 22 1) permits the measurement of 
larger I5N-H couplings, mostly ‘J(N-H), from the very weak I5N 
satellites observed in proton spectra. A number of ‘J(N-H) values for 
amides have been measured by this method (Table XXXII, note b). 

The INDOR technique of decoupling 14N from ‘H (150) has been 
shown to yield two different values of ‘J(N-H) in forrnamide, but the 
experimental errors are much larger than those found in the measure- 
ment of I5N-H couplings. 

The ‘J(N-H) values in some dipeptides (99,  shown in Table XXXII 
(note d), are within the range characteristic of amides. The small 
variation found in the values has been proposed as an indication of cis- 
trans isomerism about the peptide bond. 
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T A B L E  X X X I I  

Some values of ‘J(15N-H) in Hz 

Compound Solvent ‘ J (  ”N-H) Notes 

MeCONHMe 
EtCONHMe 
i-PrCONHMe 
r-BuCONHMe 
MeCONHCH,COOMe 
MeCONHCH(Et)COOMe 
MeCONHCH(i-Pr)COOMe 
NHYCH,CONHCH,COOH 
N-AC-DL-AI~-I~N 
Valinomycin (L-Val-15N) 
L-Ala-L-Phe-”N 
L-Ala-L-Ala-l5N 
L-Phe-Gly- 15N 
L-Val-Gly-15N 
c-L-Ala-L-Ala-lsN 
c-L-Val-Gly-15N 

nematic phase 

none 

none 
none 
none 

acetone 
acetone 
acetone 

CCI, 

H2O 
H20, PH 6 
CCI, 
H,O, PH 2 
H,O, PH 2 
H,O, PH 2 
H,O, PH 2 
H,O, PH 2 
H,O, PH 2 
DMSO 
DMSO 
DMSO 
none 
none (?) 
none (?) 
none (?) 
none (?) 
none (?) 
none (?) 
none (?) 
HCCI,F 
none (?) 
none (?) 
none (?) 
none (?) 
none (?) 
? 
CCI, 
CCI, 
DMSO 
DMSO 
DMSO 

-86.9 f 0.1 (A) 
-91.3 f 0.1 (B) 

(-)88.3 f 0.1 (A) 
(-)90.7 f 0.1 (B) 
(-)93.0 f 0.1 
(-)92.9 f 0.1 
(-)92.7 f 0.1 
(-)92.3 f 0.1 
(-)93.5 f 0.1 
(-)92.6 f 0.1 
(-)92.6 f 0.1 
(-)94.1 ? 0.1 (NHY) 
(-)93.30 f 0.05 
(-)93.55 ? 0.05 
(-)92.15 f 0.05 
(-)93.24 f 0.05 
(-)93.15 f 0.05 
(-)94.45 f 0.05 
(-)9 1.13 f 0.05 
(-)9 1.07 f 0.05 
(-)90.00 f 0.05 
(-)90.50 f 0.05 
(-)89.30 f 0.05 

-96.48 f 0.05 
(-)85.6 f 0.1 
(-)85.8 f 0.1 
(-)8 1.9 f 0.1 
(-)79.9 f 0.1 
(-)77.5,78.7 & 0.1 
(-)82.7 f 0.1 
(-)87.5 f 0.1 
(-)90.3 k 0.1 
(-)73.4 f 0.1 
(-)79.0 f 0.1 
(-)80.6 & 0.1 
(-)99.1 f 0.1 
(-)71.4 f 0.1 
(-)78.0 f 0.1 
(-)63.1 f 0.1 
(-)7 1 .O f 0.1 
(-)90.8 2 0.1 
(-)91.1 f 0.1 
(-)91.2 f 0.1 

(I 

a 
b 
b 
b 
b 
b 
b 
b 
b 
b 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
e 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

C 

g 
g 
h 
h 
h 
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TABLE X X X I I-cont. 

Compound Solvent 'J( "N-H) Notes 

Et d1:.Yh dioxan -93.0 & 0.1 i 

CF,COOH (-)96.8 k 0.1 k 

IJN label; nematic phase measurements, 7% Na,SO,, 36% sodium decyl sulphate, 7% 

From 15N satellites in proton spectra of unlabelled cpds. by accumulation of lSN-decoupled 

lJN label; signs not determined; ref. 96. 
"N-labelled amino acids; signs not determined; ref. 95. 
"N-labelled pyrrole, "C satellite analysis in proton spectra; ref. 146. 

decanol, 50% water, acidified with dilute H,SO,; ref. 144. 

and reversed l5N-undecoupled spectra; signs not determined; ref. 8 1. 

f 15N label; ref. 147. 
8 Recalculated from I4N-'H couplings observed in IH and 14N spectra; signs not 

determined; ref. 89. 
15N label; ref. 148. 
"N label; ref. 145. 

15N-labelled sydnonimine hydrochloride; ref. 1 1  1. 
j lJN-labelled acetamide; ref. 149. 

Precise measurements and analysis of the proton spectrum of lSN- 
pyrrole, including the 13C satellites, indicate that there is no detectable 
isotope effect by 13C on the lJ(N-H) coupling constant in the molecules 
[741 to [761. 'J(N-H) values for some N-P, N-As and N-Si 

Q I 

H 

F& 
N' 
I 
I 

H 
I 

H 
I741 (751 [76l 
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compounds have been measured (147), and the results are given in Table 
XXXII (note f). The values of 'J(N-H) have been explained simply in 
terms of electron density changes in the o-bond framework without 
invoking dative N P bonding. The absolute value of 'J(N-H) is found 
to increase in proceeding from XNK, to X,NH compounds. There is a 
good correlation between the electronegativity of X and the 'J(N-H) 
value (the absolute value increases with increasing electronegativity of 

The absolute value of 'J(15N-H) in some enamines (148) was found 
to be about 91 Hz, (Table XXXII, note g), larger than in aniline (about 
83 Hz), and comparable to those for urea, some amides and their 
vinylogues. This has been explained in terms of an increase in the s- 
character of the N-H bond in such structures in comparison with 
aniline. 

The question of the site of protonation of amides in strongly acidic 
media has been thoroughly investigated by means of the proton spectra 
of l5N-acetamide at various temperatures and acid concentrations. ( 149) 
The coupling pattern is consistent with the presence of a large excess of 
the O-protonated form [771, in anhydrous H,SO, and HSO,F, in 

X). 

[77l 

equilibrium with a very small amount of the N-protonated amide. The 
'J(N-H) coupling in the cation is larger than in the unprotonated amide. 

The proton spectrum of methylsydnonimine hydrochloride [ 781, ISN- 
labelled at the exocyclic nitrogen atom, (1 11) reveals a two-proton 

I781 

doublet with a typical value of 'J(N-H). This demonstrates that the 
cation has the structure [781. The measurement of 'J(N-H) from proton 
spectra has been used to distinguish between keto and enol isomers. 
(224) 

B. 'J(I5N-H) 
It is known (ref. le, p. 292) that the two-bond 15N-C-H coupling is 

small when the intervening carbon atom is saturated, and the absolute 
values of ,J(I5N-C-H) are seldom higher than about 2 Hz. Some 
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TABLE XXXIII 

Some values of *J(13N-H) in Hz 

Compound 
Type of 
coupling 2J(l3N-H) Notes 

N-Me-4-CN-pyridinium iodide 

N-Me-2-Me-pyridinium iodide 
N-Me-pyridinium iodide 

N-Et-pyridinium bromide 
N-Me-pyrazinium iodide 

Me,N@-CH=CH, (Bre)  
(Et,)(Me)N@-CH=CH, (Br@) 
CD,-C=N@-Me 
Pyrrole 

Pyrazole 

1.3-Thiazole 

Pyridine 
Pyridazine 
HC(=O)NH, 
syn-( 2,4,6-Mel-Ph)CH=NOH 

H,C-”N-CH*CN 
I 

O9.N 

t i  

I 
H,C-”N-CH,CN 

N+O 

N@-H(orfho) 
N’D-CH, 
N@-CHI 
N@-H(orrho) 

N@-H(orfho) 
N@-H(ortho) 
N@-CHl  

N’O-CH, 

N@-CH= 
N’D-CH= 
N’O-CHI 
N-(C=)-H 

N-(C=)-H 
(averaged by 
tautomerization) 

N-(C=)-H(2) 
N-(C=)-H(4) 
N-(C=)-H 
N-(C=)-H 
N-(C=O)-H 
N-CH 

N’O-CHI 
CDC’l NO-H 

CF,COOH N@-CH1 
N@-H 

N-CH, 
(syn to NO) 

N-CH, 
(anti to NO) 

CDC1l N-CH, 
(syn b NO) 

(anti to NO) 
N-CH, 

-0.75 f 0.14 
( f p . 7 5  f 0.14 
(fp.57 f 0.14 

-0.71 f 0.14 
( f p . 2 9  f 0.14 

-0.57 f 0.14 
-0.75 f 0.14 

( fp .93  f 0-14 
(f)2.5 f 0.1 
(+)2.3 f 0.1 
(f)2.1 f 0.1 

-4.53 f 0.05 
-4.55 f 0.05 
-4.52 f 0.05 
-8.94 f 0.05 

-10.56 f 0.05 
-10.6 f 0.1 
-10.76 f 0.05 
-12.04 k 0.05 
-14.4 f 0.1 
(*)2.4 f 0.2 

(+)2.1 f 0.1 
( f )5 .5  f 0.1 

(+)4.2 f 0.1 
(_+)2.5 _+ 0.1 
(+)4.3 k 0.1 
(f)2.4 f 0.1 
(+)4.6 0.1 
(+)2.3 0.1 
(f)4.8 f 0.1 

( f )1 .5  f 0.1 

(+)2.3 f 0.1 

( f p . 7  f 0.1 

(f)1.4 f 0.1 

(f)1.6 & 0.1 

a 
a 
a 
a 
a 
a 

a 
b 
b 

d 
e 
f 
f 

f 
f 
f 
f 

a 

C 

g 
h 

i 
i 

i 
i 
i 
i 
i 
i 
i 
i 

i 

i 

i 

i 
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additional examples are given in Table XXXIII for No-CH, and N- 
CH, groups with typical values of about 2 Hz. The geometrical 
dependence of the N-C-H coupling in CH,NH, has been predicted 
from theoretical data. (219) 

When the coupling is across a tricoordinate carbon atom involved in a 
delocalized 7r-electron system, the absolute value of ,J(15N-C-H) may 
increase to as much as 16 Hz. (le) In the review period, the signs of 
such coupling constants have been determined as negative for 
formamide, (144) pyrrole, (146, 154, 155) pyrazole, thiazole, pyridine 
and pyridazine (155) as well as for some azinium ions. (1 5 1) The latter 
afford another example of the decrease in the absolute value of the 
coupling constant upon protonation of the nitrogen lone pair (Table 
XXXIII) [791, [801. 

'J(N-H) = -10.8 HZ 
[791 

QH I 
I 

H 

I801 

'J(N-H) = -0.7 HZ 

The ,J(N-H) coupling constants for some sydnonimine derivatives 
(Table XXXIII, note i) show that the two-bond coupling is larger across 
a tricoordinate carbon atom than across the saturated carbon atom of a 
methyl group. (1 1 1) 

Theoretical calculations (157) indicate that there should be a strong 
geometrical dependence of the value of ,J(N-H) in methyleneimine, 
H,C=NH. This is in agreement with the observations made on 
formaldoxime, H,C=NOH. 

a From proton spectra by 14N decoupling, tickling, and simultaneous decoupling of substituent 
protons; recalculated to "N; ref. 15 1. 

From proton spectra by 14N decoupling; recalculated to "N; ref. 152. 

lsN-labelled pyrrole; ref. 154. 
15N-labelled pyrrole; ref. 146. 
15N label; ref. 155 and references therein. 
lsN-labelled formamide; nematic phase measurements; ref. 144. 

CAs above; ref. 153. 

* lSN label; ref. 34. 
' lsN-labelled acetylsydnonimine, sydnonimine hydrochloride and acetylsydnonimine hydro- 

I 15N-labelled N-methyl, N-cyanomethylnitrosoamine; ref. 156. 
chloride, respectively; ref. 11 1. 
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TABLE XXXIV 

Some values of 3J(15N-H) in Hz 

Compound 
Type of 
coupling ?I(lSN-H) Notes 

N-Me-4-CN-pyridinium iodide 
N-Me-2-Me-pyridinium iodide 
N-Me-pyridinium iodide 
N-Et-pyridinium bromide 

N-Me-pyrazinium iodide 
Me,N@-CH=CH, (BrO) 

(Et,)(Me)N@-CH=CH, (BrO) 

Pyrrole 

Pyrazole 

1,3-Thiazole 
Pyridine 
Pyridazine 

2- lJNO ,-pyrrole 
(and its anion) 

3-'JN0,-pyrrole 
(and its anion) 

2,4-di-1SN0,-pyrrole 
(and its anion) 

CDCI, 

N@-H(mera) 
N@-H(mefa) 
N@-H(mefa) 
N@-H(meta) 

N@-H(mefa) 
N@-(C)-CH, 

N@-(C=Cj-H 
(trans) 
(cis) 

(trans) 
(cis) 

N@-(C=C)-H 

N-(C=C)-H 

N-(C=C)-H 
N-(N=C)-H 
N-(C=C)-H 
N-(C=C)-H 
N-(C=C)-H 
N-(N-C)-H 

N=(C-C)-H 

(O,)N-(C=C)-H 

(0,)N-(C=C)-H 
same in anion 

same in anion 

same in anion 

same in anion 

same in anion 

same in anion 

(0,)N-(C-C)-H 

2-(02)N-(C=C)-H 

4-(02)N-(C=C)-H 

4-(02)N-(C-C)-H 

N-(N)-CH, 
N-(N)-CH 

-2.20 f 0.2 
-1.85 f 0.2 
-1.78 f 0.2 
-1.92 f 0.2 

(f)1*57 f 0.07 
-1.95 f 0.2 

(fM.0 f 0.1 
(f)1.8 f 0.1 

(+)3.7 f 0.1 
(+)1.6 f 0.1 

-5.34 f 0.05 
-5.35 f 0.05 

(f)5.39 5 0.05 
-3.37 f 0.05 
-4.28 f 0.05 
-1.97 f 0.05 
-1.53 f 0.05 
-1.12 f 0.05 
-3.70 f 0.05 

(f)2.3 f 0.2 

-0.30 f 0.05 
+0.35 f 0.05 

(kP.20 f 0.05 
+0.45 f 0.05 

ca. 0 
ca. 0 

ca. 0 

ca. 0 

ca. 0 

-0.40 f 0.05 

-0.30 f 0.05 

-0.45 k 0.05 

(f)2.6 f 0.1 
ca. 0 
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T A B L E  X X X I V - C O ~ ~ .  

Compound 
Type of 
coupling 'J("N-H) Notes 

N-(C0)-CHI 
CHlCO-'5N ~)$~cH1 CDCI, N-(C)-CH 

N-(N)-CHI 
N-(N)-CH 
N-(N)-CH, 

CF,COOH N-(N)-CH 

H H - C H ,  CD,OD N-(N)-CH 

N-(N)-C H 
N-(C0)-CH 

N-(N)-CHI 

CH,COHN 0' CF,COOH N-(N)-CH, 

CD1OD N-(C)-CH 

CH,COHIJN 

C H,-N-CH,CN 
I 

TI 

CF,COOH N-(C0)-CH, 
N-(C)-C H 

CDCI, N-(N)-CHI 
(anti to NO) 
(syn to NO) 

CH3-N-CH2CN 
I 
' 0  

I5N\ 

CHI-N(NO)CH,C~"N 

HO H,B, 
Y\?- / 

Me H,A, 
FN\ 

CDCI, N-(N)-CH, 
(anti to NO) 
(syn to NO) 

CDCI, NrC-CHI 

N-(C)-C H , 

(+)1.9 f 0.1 i 
ca. 0 i 

(?)2.9 f 0.1 1 
ca. 0 1 
(f)2*9 f 0.1 1 
ca. 0 1 
(f)3.1 & 0.1 1 
cu. 0 1 
(f)3.0 f 0.1 1 
ca. 0 1 
(*)1.4 f 0.1 1 
cu. 0 1 
(+)1.6 f 0.1 1 
ca. 0 1 

(f)1.8 f 0.1 j 
ca. 0 j 

(f)1.7 f 0.1 1 
ca. 0 j 

(+)1.5 ? 0.1 j 

(f)1.8 f 0.1 h 
(in FS0,H) 
(+)2.0 f 0.1 h 
(in 100% H,SO,) 

(I From proton spectra by 14N tickling and simultaneous decoupling of substituent protons; 
recalculated to IJN; ref. 151. 

From proton spectra by I4N decoupling; recalculated to I5N; ref. 152. 
lJN-labelled pyrrole; ref. 154. 
lsN-labelled pyrrole; ref. 146. 
IJN label; ref 155 and references therein. 

f "N-labelled compound; ref. 34. 
lJN-labelled nitro groups, proton spectra, I5N decoupling; ref. 158. 
lJN-labelled acetamide; ref. 149. 
lJN-labelled acetylsydnonimine, sydnonimine hydrochloride and acetylsydnonimine 

hydrochloride, respectively; ref. 1 1 1. 
j "N-labelled N-methyl,N-cyanomethylnitrosamine; ref. 156. 
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C. 'J(I5N-H) 
The three-bond N-H coupling across at least oge saturated carbon 

atom is usually called the vicinal coupling. Its magnitude depends on the 
geometry of the system (ref. le, p. 297). This is also the case when one 
of the intervening carbon atoms forms part of a carbonyl group, as 
suggested by consideration of the couplings in peptide molecules. (95, 
159, 160) Equations (32) and (33) have been postulated (159) for the 
'4N-H) couplings in truns-amide [8 11 and cis-amide systems [821. 

H O  

R (H) 

[811 

3J(15N-H) = -5 .15  cos2 8 + 2.30 cos 8 + 0.98 Hz 

I l l 1  I 

(32) 

H 0 (H) 

-N-C-C-15N 
I 
R 

[821 

'J(I5N-H) = -5.34 C O S ~  8 + 2.15 cos 8 + 0.87 HZ (33) 

In these equations 8 is the N-C-C-H dihedral angle. A similar 
treatment (160) gives equation (34) which neglects the effects of cis- 
trans amide isomerism. 

?I("N-H) = -4.6 cos2 8 + 3.0 cos 8 + 0.8 Hz (34) 
A number of 'J(N-H) coupling constants have been experimentally 
determined (95) for some dipeptides (Table XXXV, N-Ha couplings), 
but since the absolute values are rather small, experimental errors tend 
to obscure the geometrical effects. 

'J(I5N-H) coupling constants across two saturated carbon atoms 
have been determined (95) for a number of dipeptides (Table XXXV, 
N-Hp couplings) and their significance in estimating molecular 
geometry discussed. It was deduced that the absolute values of 3J(N- 
H)l,uns and 3J(N-H)guurhe are 4 .8  & 0.1 and 1.8 k 0.1 Hz, respectively. 

It IS evident from the values given in Table XXXIV that in azine ring 
systems the three-bond N-C-C-H couplings are much smaller in 
absolute value than are the two-bond couplings, and that there is little 
difference between the 3J(N-H) values of azines and their protonated 
cationic forms. The 3J(15N-H) couplings in azine and azole systems 
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T A B L E  X X X V  
Some absolute values of vkinal ?I(I5N-H) in Hz k0.05 Hz for some 

amino-acids and peptides 

0 H H, 
I l l 1  I 

I 
-C-C-N-C-C-lJN- 

I I1 I 
R O  

Compound Solvent 3J(1sN-H,) 

Valinomycin (L-ValPN) CCI, 
L-Ala-L-Ala-’>N D,O, PH 2 
~-Val-Gly-”N D,O, PH 2 
~ - A l a - ~ - p h e - ~ ~ N  D,O, PH 2 
c -~ -Va l -Gly -~~N D,O, PH 2 
c-L-Ala-L-Phe-lJN DMSO 
c-~-Val-Gly-’~N DMSO 
c-L-Phe-GlyJSN DMSO 

O H  
- C - C - l d - L - H p  I II 

I I I  I 
H c=o 

I 

1.20 
1.20 
( 1  
< I  
1.02 
1.85 
< I  
< I  

-N- 
Compound Solvent ?I(l5N-HP) 

Tyr-l’N 

Phe-IJN 
Ala-I5N 
N- Ac-DL- Ala-l’N 
~ - A l a - ~ - A l a - l ~ N  
~-Ala-~-Phe- l>N 
c-L-Ala-L-Phe-’>N 

Asp-”N 
D,O, pH 10 
D,O, pH 10 
DIO, PH 1 
DZO, PH 1 
H,O, PH ti 
H,O, PH 2 
H,O, PH 2 
DMSO 

2.75,2.95 
2.80,3.70 
2.20,2.35 
3 .10  
3.04 
3.05 
2.30.3.40 
1.90.3.20 

Note: lsN-labelled amino-acids, proton spectra, ref. 95. 

have been shown to be negative (Table XXXIV). A small coupling is 
observed between the 15N0, group and the nearest ring protons in nitro- 
derivatives of pyrrole (Table XXXIV, note g). 

An apparent geometrical dependence of the ’J(  I5N-N-C-H) coup- 
ling constants of some N-nitrosamine derivatives, [831 (Table XXXIV, 

\ / \ /  
C C 

H’\N’ ‘H 

undetectable L15’4. op 1 . 8 . H ~  

[831 
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note j), has been reported. It is interesting to note that, formally, the 
same effects of geometry on 3J(N-H) values are found in sydnonimines 
[841. 

undetectable 

841 

D. ‘J(’’N-H) 
The absolute values of ISN-H coupling constants across four bonds 

are small but measurable in a number of unsaturated molecules (Table 
XXXVI). It has been shown that in pyridazine the 4J(15N-H) coupling 
is negative. (155) The coupling of the nitrogen nucleus, in the NO, 
groups in nitropyrroles, with ring protons is slightly stronger across four 
bonds than across three bonds (Tables XXXV and XXXVI). 

T A B L E  X X X V I  
Some values of 41(15N-H) in Hz 

Compound Type of coupling 41(1sN-H) Notes 

N-Me-pyridinium iodide 
N-Et-pyridinium bromide 
Pyridine 
Pyridazine 
2-15N0,-pyrrole 
(and its anion) 

3-1sN0,-pyrrole 
(and its anion) 
2,4-di-15N0,-pyrrole 
(and its anion) 

N@-H (para) 
N@-H@u~u) 
N-(C=C-C)-H 
N-(C=C-C)-H 
(0,)N-(C-NH-C)-H 
same in anion 

same in anion 

same in anion 

same in anion 

(0,)N-(C=C-C)-H 

(O,)N-(C-C=C)-H 

2-(O,)N-(C-NH-C)-H 

( f p . 0 6  f 0.03 
(2p.04 f 0.03 
(fP.21 ? 0.05 

-0.367 f 0.05 
-0.85 f 0.05 
-0.50 ? 0.05 
-0.80 f 0.05 
-0.60 f 0.05 

( f p . 8 0  f 0.05 
-0.70 f 0.05 
-0.95 f 0.05 

cu. (kP.4 

U 

U 

b 
b 
c 
c 
c 
C 

c 
c 
c 
c 

From prdton spectra by I4N tickling and simultaneous decoupling of substituent protons: 

”N labelled compounds: ref. 155 and references therein. 
I5N-labelled nitro groups, proton spectra, ”N decoupling; ref. 158. 

recalculated to I5N: ref. 15 1. 

E. lSN-I3C couplings 
Nitrogen-carbon spin-spin coupling may provide interesting struc- 

tural information, mostly from the I3C NMR spectra of ISN-labelled 
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compounds. (ref. le, pp. 286-289) There seems to be rather little 
encouragement for the interpretation of 'J(N-C) coupling constants in 
terms of the s-character of the bonding orbitals of carbon and nitrogen 
(ref. le, and references therein). The more recent data, shown in Table 
XXXVII, are also discouraging from the point of view of such an 
interpretation. The 'J(N-C) coupling is larger in arylamines than in 
alkylamines, but in oximes to is comparable to the latter as well as to 
that in azine ring systems. The effect of protonation of the lone electron 
pair in alkyl amines and azines increases the absolute value of 'J(N-C) 
[851. This effect is much more pronounced upon the formation of an N- 

moderate increase in absolute value of 'J(N-C) 

[85l 

oxide bond in an unsaturated system [861. An extreme value of the one- 
bond coupling, 77.5 Hz, has been found (34) in the fulminate group, 
-CNO (Table XXXVII), which is an N-oxide of the cyano group. 

large increase in absolute value of 'J(N-C) 

[861 

In saturated systems, the 3J(N-C) values are comparable in absolute 
magnitude to the 'J(N-C) couplings. So far there has been no evidence 
presented of their relative signs. In conjugated ring systems the absolute 
values of N-C couplings diminish with an increase in the number of 
intervening bonds. 



TABLE XXXVII 

Some values of ”N--”C coupling constants in Hz 
(absolute values if sign not specified; f 3  in the last decimal place if not stated otherwise) 

__ 
?I(I5N-l3C) ‘J(15N-13C) 5J(1sN-13C) Notes Compound 

Ph-NH, (in acetone) 
n-Pr-NH, (in CDCI,) 
n-Pr-NHYCP (in CDCL,) 
Quinuclidine (in CDCL,) 
Quinuclidine-HCI (in CDCL,) 
HCONH, (neat) 

NH$CH,CO”NHCH,COOH 
(inf. dil. H,O) 

NH$)CH,C015NHCH,COOQ 

2,4,6-tri-Me-Ph)CNO 

H,C=NOH (in H,O) 
MeCH=NOH (E, anti) (H,O) 
MeCH=NOH (Z, syn) (H,O) 
EtCH=NOH (E) (H,O) 
EtCH=NOH (Z) (H,O) 
EtC(Me)=NOH (E) (CDCI,) 

EtC(Me)=NOH (Z) (CDCI,) 

(in CH,CI,) 

Et,C=NOH (CDCI,) 

H ,C =CHC(Me)=NOH (E) 
(in benzene) 

IJ(15N-’3C) 

11.47 
3.9 
4.4 
2.1 
4.8 

13.9 
14.8 
17.7 

(fO.15) 
18.9 

(f0.15) 
77.5 
(kO.5) 

2.96 
4.0 
2.3 
2.4 
1 *6 
3.6 

3.4 

2.7 

4.3 

2J(15N-’3C) 

-2.68 
1.2 

<0.2 
<0.2 

0.2 

2.2 
(kO.1) . 

9.0 
I .8 
7.3 
I .4 

10.5 (CH,) 
11.1 (CH,) 
1.8 (CH,) 

10.2 (anti) 
2.0 (syn) 
1.8 (CH,) 

11.6 (CH=) 

- 1.29 0.27 
1 *4 
1.3 
2.8 
6.7 

1.0 
(k0. 1) 

0 
0 
0 

0 

2.1 (anti) 
0 (sy4 
6.1 

(0.5 0.8 
(kO.1) 

N 
N 
00 

a j 
b E 
b s  
b z 
b 0  
C s g 
d r  



H,C=CHC(Me)=NOH (Z) 
(in benzene) 

PhCH=NOH (E) (CDCI,) 
2-Cyclohexenone oxime (Z) (benzene) 

2-Cyclohexenone oxime (E) (benzene) 

trans-Cinnamaldehyde oxime (E) (benzene) 
trans-Cinnamaldehyde oxime (Z) (benzene) 

Ph\C2N\NHph 
I 

H (in CDCl,) 

s 4  

8 1  

3.5 

4.8 

4.0 

5.0 

5.2 
? 

7.2 

11.6 (CH,) 2.4 
1.8 (CH=) 
7.3 2.8 0 
1.8 (CH=) 
2.4 (CH,) 

1.4 (CH,) 

3.1 (CH=) 0 

11’0 (CH=) 6.1 (CH=) 0 

9.1 5.6 
? 3.9 

7.9 (PhC) 3.4 (PhC) 1 .O (PhC) 
5.2 (PhN) 2.8  (PhN) 

0.8 

< I  

1.5 
(C-8) 

ca. 2 
(C-10) 

< I  < I  

f 

f 
f 

f 
f 
f 

(C-10) t 4  
t3 
W 



t 4  
W 
0 

T A B L E  X X XV I I-cont. 

Compound IJ(15N-13C) 2J(15N-13C) 3J(15N-13C) 4J(1JN-13C) 5J(15N-13C) Notes 

a N @ - O H  

\NH, 

& 

20.5 3.9 
(C-1) (C-8) 

(C-3) (C-10) 

( 1  ( 1  
6.8 2.4 

13.4 7.4 

13.4 

14.0 

14.3 

14.5 

6 .9  

7.8 

8.2 

8 .0  

( 1  g 

h 

> z 
h e r  

0 
? 

h 

h 



AC/"* 
II 
0 

0 
I 

W C \ N H ,  

15.1 10.3 

15.0 9.0 

h 

h 

"Ref. 161, 13C spectra. 
Ref. 162, I3C spectra. 

<'Ref. 163, doubly labelled ( I T  and 15N) formamide, ''C spectra. 
Ref. 96, 13C spectra. 

'Ref. 34, ')C spectra. 
Ref. 164, I3C spectra. 
Ref. 165, 13C spectra. 
Ref. 166, "C spectra. 

3 
4 
a 
0 

2 
z 
F 

w 
W 
c 
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The ,J(N-C) coupling constants in oximes (164) show a strong 
dependence upon the geometry of the bonds involved (Table XXXVII). 

A theoretical calculation of the I5N-l3C coupling has been carried out 
( I  57) by the sum-over-excited states approach using INDO-MO data. 
The calculation included the Fermi contact, spin-dipolar, and orbital 
interactions. For the one-bond coupling, the contact term is shown to be 
dominant, but there are appreciable contributions from the other terms 
especially when multiple bonding occurs which explains the lack of a 
reasonable correlation between 'J(N-C) and the s-electron contribution 
to the C-N bond. Calculations using the finite perturbation method, 
together with INDO data, point to a similar conclusion. (212-214) 

F. 15N-15N couplings 

Nitrogen-nitrogen coupling is usually detected in the 15N spectra of 
doubly labelled compounds. Some data on 'J( 15N-15N) coupling 
constants are now available (Table XXXVIII). The coupling is 
relatively small in the hydrazine, R,N-NR,, and nitramine, R,NNO,, 
structures but it is enhanced in hydrazones, C=N-NR,, and in various 
derivatives with R-N=N-R'. The largest yalue so far observed is for the 
nitroso-amino moiety, R,NNO (Table XXXVIII, note a). There are 
some indications (167) that the value of 'J(N-N) may be correlated with 
the s-electron densities on the nitrogen atoms involved. However, it is 
too early to draw definite conclusions. The rather large coupling in the 
N-Me, fragment of aryl triazenes [871 (122) 

Ar-N = N-NMe, 

[871 

indicates that the N-Me, bond in such structures has appreciable 
double-bond character. 

G. Other couplings 

A large coupling has been observed between 15N and 195Pt in one of 
two isomeric complexes of some azo-derivatives. (125) The value of 
523 Hz found for the 1J(195Pt-15N) coupling indicates direct bonding 
between platinum and a trigonally-hybridized nitrogen atom since the 
values of the couplings for tetrahedrally-hybridized nitrogen atoms in 
'5N-dodecylamine complexes of Pt(I1) and Pt(1V) are of the order of 
220-350 Hz. (127) Further, there are reasons to believe (127) that the 
absolute value of the coupling should increase with increasing s- 
character of the Pt-N bond. 
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T A B L E  X X X V I I I  
Some absolute values of ‘J(”N-”N) in Hz 

Compound Solvent ‘J(  I5N--”N) Notes 

PhNHNH, 

trans-PhN=N(O)Ph 
p-Hydroxyazobenzene 
(PhCH,),NNO 
Me,NNO, 
(Me)(2,4,6-trinitro-Ph)NN02 

PhNHN=CHC,H,NO,-p 

(-CH,N(NO2)-)i 
(-C H,N(NO, 1-14 

CH,-N-CH, 
I l l  

0,” CH, NNO, 
I I  I 

C H ,-N-C H , 
(C,Me,),TiN, 
p-R-C,H,-N=N-NMe, 
R-NO,, N=N-Ph 

N-NMe, 
R-CI, N=N-Ph 

N=NMe, 

N-NMe, 
R-H, N=N-Ph 

R-OCH,, N=N-Ph 
N-NMe, 

DMSO 
DMSO 
ether 
acetone 
DMSO 
CDCI, 
DMSO 
DMSO 
DMSO 

DMSO 

toluene 

CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 
CDCI, 

6.7 f 0.6 
10.7 f 0.6 
1 3 . 7  ? 0.6 
15.0 f 0.6 
19.0 f 0.6 
4.9 f 0.6 
4.9 f 0.6 
8 .9  f 0.6 
4.5 f 0.6 

8.5 f 0.6 

7 k 2  

12-8 f 0 .7  
13.4 f 0.7 
12.8 f 0.7 
13.4 f 0.7 
12.8 f 0.7 
14.0 f 0.7  
12.2 f 0.7 
14.0 f 0.7 

a 

b 

a Doubly labelled compounds; ref. 167 and references therein. 
* ”N, complex of permethyltitanocene; ref. 168. 

”N triply labelled compounds; ref. 122. 

VII. RELAXATION PHENOMENA 
Since 14N has I= 1 its relaxation is usually dominated by quad- 

rupolar interactions. These produce broad lines, both in the l4N NMR 
spectrum and in the spectra of nuclei spin-spin coupled to nitrogen. (la, 
2a) The 15N nucleus has I = f, thus in a diamagnetic, chemically stable 
molecule it is relaxed by one or more of several less efficient 
mechanisms. 

A. I4N Relaxation 
Under extreme narrowing conditions the molecular correlation time, 7, 

is related to the nuclear resonance frequency by equation (23). These 
conditions are usually found in low viscosity solutions and within their 
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confines the effect of the qaudrupole moment of a 14N nucleus on its 
relaxation time, TQ, is given by, 

where the nuclear quadrupole coupling constant, x in frequency units, 
between the quadrupole moment, eQ, and the electric field gradient at 
the nucleus, eq, is given by 

eqeQ 
h 

X = -  (36) 

In equation (35) q describes the deviation of the electric field gradient 
from axial symmetry. 

From equation (36) it is apparent that a resultant field gradient at the 
14N nucleus is necessary to produce quadrupolar relaxation. If the 
nucleus is at the centre of a static tetrahedron of bonded atoms the field 
gradient should be zero, in which case the 14N relaxation will occur by 
other processes. This has been demonstrated for solid ND4C1 in the 
region of the order-disorder phase transitipn at 248.9 K. Below 220 K 
the 14N relaxation is dominated by the dipolar mechanism whereas in the 
region of the phase transition the quadrupolar interaction is the major 
one. This arises from the presence of a time dependent field gradient 
caused by the ammonium ion changing its orientation. (169) 

In aqueous solutions the I4N relaxation of symmetrical ammonium 
salts occurs due to the reorientation of water dipoles. (79) From 
relaxation studies on the highly strained NJV-dimethyl-aziridinium 
cation it is reported that the electronic distribution around the nitrogen 
nucleus is distorted from tetrahedral symmetry. (79) 

Equation (35) has been employed in obtaining values of rc for the 
nitrogen nucleus in diethylamine in the presence of several normal 
alcohols. (1 70) In this investigation it has been assumed that the electric 
field gradient at the 14N nucleus is independent of solute and has the 
same value in solution as in pure solid diethylamine. On the basis of 
these assumptions it is reported that for water and the lighter alcohols rc 
is dominited by hydrogen bonding. However, chain hindrance controls tc 

when the alcohol chain length is in excess of ten atoms. (1 70) 
Various models have been proposed relating quadrupolar relaxation 

times to the correlation times of molecular motions. ( lc) The more 
sophisticated the model considered the greater the number of parameters 
involved and thus the necessity for more independent NMR measure- 
ments. These may be obtained from a consideration of both14N and 2H 
relaxation data on a series of closely related molecules. Ordinary and 
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deuterated methyl-, dimethyl- and trimethyl-amine have been studied. 
(1 7 1) The relaxation times have been interpreted on the basis of a large- 
step isotropic reorientation model. The results show that in methylamine 
the internal reorientations of the methyl group are fast compared to the 
overall molecular rotations, whereas in dimethy lamine they are of 
comparable magnitude and in trimethylamine the overall molecular 
motions are the faster. (1 7 1) 

A similar study has been reported on specifically deuterated pyridines 
in a series of aqueous solutions. (172) A rotational diffusion model is 
used to interpret the relaxation data. The diffusion constant for 
reorientation around the C, axis of pyridine is found to increase as the 
viscosity of the solution increases whereas the constant for reorientation 
about the axis perpendicular I'o the molecular plane decreases as the 
amount of water present in the solution increases. These observations 
are attributed to short range ordering due to hydrogen bond formation. 
(172) Diffusional reorientation constants have also been reported for a 
number of monosubstituted pyridines in various solvents. (46) 

14N relaxation measurements between 77 K and 276 K, the melting 
point, have been reported for Nfl-dimethyl piperazine. ( 173) The 
relaxation times are found to be dominated by rotation of the methyl 
groups between 120 and 200 K. At higher temperatures hindered 
rotation of the whole molecule controls the 14N relaxation. (1 73) 

In the presence of a strong external electric field, E,  the molecular 
dipoles of a polar fluid acquire a small average orientation parallel to the 
applied field. When the electric and magnetic fields are parallel the I4N 
NMR signal of a pure polar liquid is split by A V  

where 8 is the angle between the static magnetic field and the axis of the 
largest component of the electric field gradient at the I4N nucleus. The 
average ($ cos2 8 - f ) E  is known as the alignment of the liquid, which 
becomes zero in the absence of the field, E. If the value of the alignment 
is available from studies on other nuclei in the same molecule then x can 
be obtained from equation (37). 

14N NMR measurements in the presence of an applied electric field 
and discussions of x and the alignment have been presented for 2,4,6- 
trifluoronitrobenzene, ( 174) nitrobenzene, ( 175) perdeuteronitrobenzene 
( 176) and nitromethane. (1 75) 

A14N NMR study of order fluctuations in the isotropic phase of liquid 
crystals has been reported. (209) The experimental data for the isotropic 
phases of p-azoxyanisole and of diethylazoxy benzoate are accounted 
for in terms of short range order fluctuations of the nematic and of the 
smectic types respectively. 

A V =  h( t cos2e -  f ) E  (3 7) 
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Solid state 14N NMR measurements have been reported for ND,Cl, 
(169) (CH,),NMnCl,, (177) NH,Al(SOJ,. 12H,O, (178) KCN, (179) 
NaCN (1 79) and Ba(NO,),. (180) These studies have yielded values for 
the l4N chemical shifts and quadrupole coupling constants and, where 
appropriate, the asymmetry parameter v in equation (35). By following 
the temperature dependence of the 14N relaxation time in the cubic 
phases of NaCN and KCN the activation energy of the reorientational 
motion of the cyanide ions is obtained. It is reported at 300 K to be 1.4 1 
f 0.02 kcal mole-’ in NaCN and 0.50 2 0.25 kcal mole-’ in KCN. 

The question of calculating bandshapes for nuclei with I = 3 in liquids 
containing quadrupolar nuclei has recently been reinvestigated. In his 
early treatment, Pople (18 1) assumed that the spin eigenfunctions of the 
individual molecules belong to a time-independent spin Hamiltonian. 
The problem is then treated by the arguments used in chemical exchange 
situations. However, it has beeen pointed out that the assumption made 
by Pople concerning the spin eigenfunctions of the individual molecules 
is incorrect, (182) and that the resulting bandshapes can be in serious 
error for systems with more than one quadrupolar nucleus. (1 82) These 
shortcomings may be removed by means ’of Redfield’s relaxation theory 
as demonstrated for a group of I = 4 nuclei scalar coupled to relaxing 
quadrupolar nuclei in any spin system. (183) Results have been 
presented for the ,A2B3X spin system and the I ,A3XI , system of cis 
N,F,. (183) 

Line broadening has been observed in the proton spectrum of some 
carbolines 1881. (184) It appears that both 14N quadrupolar relaxation 

(1 79) 

I 
H 

[88l 

and chemical exchange contribute to the broadening of the “pyrrole- 
type” proton, while protons in the “pyridine ring” are most strongly 
influenced by chemical exchange. (184) 

In the period under review both ab initio and semi-empirical 
molecular orbital calculations of the electric field gradients at 14N nuclei 
have been reported. Pyrazole and imidazole have been the subjects of an 
ab initio approach using double zeta functions. (185) The calculated 
values of x and v are in good agreement with experimental results 
obtained from microwave studies. The agreement is considerably better 
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than that obtained in earlier calculations using minimal basis sets of 
gaussian functions. (186) 

have been reported 
for some azoloazines (63) and for Ba(NO,),. (180) The agreement with 
experimental 14N NMR data is reasonable for the azoloazines. 

Crystallographic data on Ba(NO,), suggest that the two 14N nuclei 
are inequivalent. (187) This model has been shown to be incorrect by a 
14N NMR study. (180) Further support is afforded by the calculation of 
x for the crystallographic model which is not in agreement with the value 
obtained from 14N NMR data. (1 80) 

The 14N quadrupole coupling constants for pyridine, pyrazine, 
benzonitrile and a number of small nitrogen-containing molecules have 
been calculated by the MIND0/3 approach. (206) Bearing in mind that 
some of the experimental data are taken from solid state measurements 
the overall agreement between the calculated and experimental results is 
good. The MIND0/3 results for NH, and HCN are in reasonable 
agreement with ab initio data although large differences appear in some 
of the individual contributions obtained by these two methods. (206) 

BEEM-n electron calculations have been performed for twenty 
pyridines and values reported for x and q. (188) In general good 
agreement with the experimental I4N results is obtained. The poorest 
agreement being for the aminopyridines. (188) 

Although not strictly within the compass of the present review some 
references to 14N quadruple coupling constants, obtained by micro- 
wave and NQR spectroscopy, are included for the sake of com- 
pleteness. A high resolution microwave study of Nfl-diazirine has 
been reported. (1 89) NQR data are given for 2,3,3-benzothiadiazole, 
( 190) 2,1,3-benzoselenadiazole, ( 190) 2,5-dimethyl- 1,3,4-thiadiazole, 
( 190) 2-imidazolineone, (1 90) guanine hydrochloride, (190, 208) 
hexamethyl phosphorous triamide, ( 190) hexamethyl phosphoric tri- 
amide, (1 90) isoxazole, (19 1) hydroxyurea, (1 92) hexamethyl- 
enetetramine, (193) nitromethane, (194) nitrobenzene, (194) sodium 
nitrite, (207) p-chloro aniline, (195) some nitrosamines, (196) some 
oximes, ( 197) some nitrogen-silicon compounds, (198) some substituted 
ammonium ions, (199, 200) protonated and deuterated glycine, (210) 
some guanidine complexes and substituted ureas (208) and some amino 
acids. (200,201) 

INDO molecular orbital calculations of x and 

B. 15N Relaxation 

In general if a proton is attached to the I5N nucleus then 
intramolecular dipole-dipole relaxation is the dominant process. (202) If 
the nitrogen does not have an attached nucleus with I = 4 then the 
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relaxation usually occurs more slowly by the spin-rotation, chemical 
shift anisotropy and dipole-dipole mechanisms arising from long range 
intramolecular and intermolecular interactions. 

Scalar spin-spin interactions between nuclei can also contribute to 
nuclear relaxation. Chemical exchange modulation of the I5N-lH scalar 
interaction in glycine has been reported. (66) However, it has been 
demonstrated that this is not a viable mechanism for 15N relaxation in 
glycine and that dipole-dipole interaction together with spin-rotation is 
responsible. (70) The value of ?I(N-H) in glycine is 73 Hz which is too 
small to produce significant 15N relaxation when modulated by chemical 
exchange. (70) More recently these conclusions on glycine have been 
invalidated by the reported presence of paramagnetic impurities. (78) 

In the case of labelled N-butyl nitrite it has been claimed that s in, 
internal rotation is exclusively responsible for I5N relaxation. @i3)%%e1 
rate of relaxation is close to the fastest reported for 15N, even when a 
proton is directly bonded, and has been attributed to the conformational 
energetics of the C-nitrite bond. (203) 

15N relaxation in nitrobenzene has been studied at 14 and 32 MHz at 
temperatures between -10 and 6OOC. (204) At low frequencies spin 
rotation interactions dominate and at lower temperatures intermolecular 
dipole-dipole interactions become important. However, at 32 MHz the 
predominant relaxation process is due to chemical shift anisotropy. 
(204) 

A similar investigation from -60 to 55OC at 14 and 30 MHz has 
been reported for pyridine. (205) At low temperatures the major 
relaxation mechanisms are chemical shift anisotropy and intermolecular 
dipole-dipole interactions. The spin-rotation interaction becoming more 
important at higher temperatures. (205) 

Liquid nitrogen has been studied between 63.1 and 77.3 K and in the 
p solid phase at temperatures down to 38 K. (21 1) The 15N relaxation is 
found to be dominated by the spin-rotation interaction. 

From a comparable investigation on 14N, it is found that the 
molecular correlation time exhibits a discontinuity at the triple point 
implying that the molecules reorient more rapidly in the solid than in the 
liquid. It is reported that the Hubbard relationship for the rotational 
diffusion of spherical molecules in a liquid is approached below 85 K 
for nitrogen in the liquid state and may be applicable in the solid also. 

In conclusion, we hope we have provided a reasonably comprehensive 
coverage of the nitrogen NMR literature appearing between 1972 and 
the middle of 1976. The volume and spread of this literature reflects the 
current, widely disseminated interests in nitrogen NMR. 

(21 1) 
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I. INTRODUCTION 
The combination of fast Fourier transform techniques with the pulsed 
excitation of NMR signals has facilitated the measurement of I3C-X 
spin-spin coupling constants, “J(C-X); where n is the formal number of 
bonds intervening between the 13C and X nuclei. Accordingly, a 
significant number of “J(C-X), X being a first row element (Li to F), are 
being reported each year. This review summarizes the work published 
on these coupling constants from early 1974 to mid-1976. Only coupling 
constants measured in the isotropic fluid phase are discussed. 

In tables which list “J(C-X) values, little effort has been made to 
include the error in the coupling constant as estimated by the original 
authors. One should consult the original literature for the experimental 
details. Although an attempt has been made to mention all of the 
relevant papers published during this time, some work may have been 
unintentionally missed. 

Stothers (1) summarizes the pre-1972 data on 13C-X coupling 
constants. C-C; N-C; and P-C coupling constants are reviewed by 
Llinans, Vincent and Peiffer (2) in 1973. Since 1972, coupling constants 
have been reviewed annually by Grinter in “Specialist Periodical 
Reports on NMR”. (3) 

Some of the theoretical approaches to the calculation of “J(C-X) are 
outlined as a preliminary to the discussion of the experimental data. 

11. THEORETICAL BACKGROUND 
The nuclear spin-spin coupling constant, “J(A-B) is a measure of the 

energy of interaction between the magnetic moments of nuclei A and B. 
The interaction is transmitted by a magnetic polarization of the electrons 
in the molecule and J is therefore an intrinsic second-order property of 
the molecule, depending in a subtle manner on the details of the electron 
distribution. It is often convenient to define a reduced spin-spin coupling 
constant, “K(A-B), independent of the magnetic moments of A and B 

“J(A-B) 2~ 
“K(A-B)= ~- 

Y A Y B  

(4) where yA and yB are the magnetogyric ratios of A and B, respectively. 
The energy of interaction, ,Tint, between the nuclear magnetic moments 
is then 

E i n t  = PA P: K(A-B) (2) 
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where p,and p, are the positive 2 components of the magnetic moments 
of A and B, respectively. The magnetic moment (Z component) of a 
particular nucleus is given by 

where I is the nuclear spin quantum number. 
Eint arises from three types of interactions between electron and 

nuclear spins. (5 )  Thus, "J(A-B) can be written as a sum of three 
contributions, 

The terms in equation (4) are generally referred to as the orbital-dipolar 
interaction (0) between the orbital magnetic fields of the electrons and 
the nuclear spin dipole, the spin-dipolar interaction (D) between the spin 
magnetic moments of the electrons and nucleus and the Fermi contact 
interaction (c) between the electron and nuclear spins, respectively. 
Discussion of the mathematical forms of each of these three terms 
appears elsewhere. (3-9) 

The Fermi contact contribution to a coupling constant, "J(A-B), is 
proportional to the product of the s-electron densities at the coupled 
nuclei, sj(O)si(O). (1 1-17) Both the orbital and dipolar contributions 
are proportional to the product of the one-centre integrals (r3)* and 
(r3),, where (r3), and (r-3)B are the expectation values of r3 for 
valence shell p orbitals on atoms A and B respectively. (14-17) Thus 
one can write the total coupling constant 

p =  y1h (3) 

"J(A-B) = "J(A-B), + "J(A-B), + "J(A-B), (4) 

"J(A-B) = a,, "J', + bAB("J; + "Jf,) 
where "Ji, "J; and "Jf, are respectively, the contact, orbital, and dipolar 
contributions, omitting the integral products given by 

a,, = s i ( 0 )  si(0) and 

One of the most successful methods of calculating nuclear spin 
coupling constants involves application of SCF perturbation theory and 
use of the INDO molecular orbital (MO) approximations. (8-17) In 
most theoretical studies a,, and b,, are taken as empirical parameters, 
adjusted to give best agreement between theory and experiment. Values 
of the individual integrals calculated from Slater exponents (14) are 
given in Table I. 

As the number of electrons in the p orbitals increases, the magnitude 
of "Jh and "J', generally increases. (8, 15-19) Thus, in going from X = 
Li to F, the orbital and spin dipolar contributions to "J(C-X) are 
expected to become more important. Also, for 'J(C-C) and 'J(N-C) it 
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T A B L E  I 
s-Electron densities and ( r ] )  values 

from Slater orbitals (14) 

H 0.550 - 

B 1.523 0.732 
C 3.012 1.430 
N 5.246 2.412 
0 8.376 3.925 
F 12.554 5.859 

appears that the orbital and dipolar mechanisms are generally more 
important when the coupled nuclei are connected by multiple bonds. 
(16, 17, 20) This result was predicted in an earlier MO theory by Pople 
and Santry. (4) 

Several reviews dealing with the theory and calculation of nuclear 
spin-spin coupling constants have appeared. (3, 7-9). 

111. C-X COUPLING CONSTANTS WHERE X IS Li, Be OR B 

A. X = L i  
Both 6Li and 7Li possess magnetic moments and electric quadrupole 

moments. Carbon-13 coupling to the most abundant isotope, 7Li 
(92.58%, I = 3/2), has been observed only in the methyllithium 
tetramer. (21) In (LiCH,),, 1J(C-7Li) = +15 Hz, much larger than the 
value of 0-77 Hz calculated by Cowley and White. (22) 

In methyllithium, INDO calculations assuming only the Fermi 
contact mechanism predict 1J(C-7Li) 'V 25.6 Hz. (23) 

B. X = B e  

no "J(C-Be) values have been reported. 

C. X = B  
The naturally occurring isotopes of boron, 'OB (19.58%) and IlB 

(80.42%) have spin quantum numbers of 3 and 3/2, respectively. 
Experimental "J(C-"B) values and those calculated using an INDO- 
MO method, assuming only the Fermi contact mechanism, are given in 
Table 11. (24-27) It is apparent that the calculations account for the 
major patterns of substituent effects on 'J(C-B) and that, if the orbital 
and dipolar mechanisms are important for these coupling constants, 

9Be has a spin of 3/2 and a natural abundance of 100%. Apparently, 
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T A B L E  I 1  
Observed and calculated 'J("C--"B) values in Hz (24-27) 

Compound Observed Calculated p:lc,slB,a 

75.0 f 0.5 
72.7 f 0.2 
72.1 k 0.5 

<65 
61.3 
53.0 

49.4 f I . 0 h  
<52 

48.8 f 1.0' 
46.7 
35 f 2* 
30.2 f 0.4 
22 f 2" 

71.6 
72.6 
72.8 
65.8 
51.0 
51.7 
44.8 
- 

~ 

42.1 
- 

29.3 

0.0974 
0.1050 
0.1017 
0.1166 
0.0952 
0.1 143 
0.0788 

0.0964 
- 

0.1027 

" See text. 
bFor Na@B(C,H,),O: 'J(C-B) = 1.5 f 0.05 Hz, ?I(C-B) = 2.7 f 0.05 Hz, ,J(C-B) = 

For (n-Bu),N@B(C,H,)F: 'J(C-B) = 1.4 f 0.05 Hz. ,J(C-B) = 2.8 k 0.05 Hz 

Data from ref. 27. 

0.5 f 0.1 Hz. (25) 

,J(C-B) = 0.6 f 0.1 Hz. (25) 

their contributions are constant. The calculations of Hall et af. (26) 
indicate that no correlation exists between the calculated square of the 
2sc and 2, bond order, P2(2s,) (2s,), and 'J(C-"B). In an earlier 
publication (27) it had been suggested that 

(6) 

where %s, and %sc are the percent s characters at the boron and carbon 
nuclei, respectively. The INDO calculations lend no support to a 
relationship of this type. 

%s,, %s, = 9.0 'J(C-"B) + 380 

IV. C-C COUPLING CONSTANTS 
Although it is possible to measure one-bond 13C-13C coupling 

constants in unenriched samples (I3C natural abundance is 1 - 108%), 
(28, 29) such measurements are not routine on most spectrometers. 
Most of the reported data on C-C coupling in the past two years have 
been obtained from I3C labelled compounds. 

Carbon-carbon coupling constants have been reviewed by Maciel, 
(29) and by Marshall and co-workers. (30) Maciel presents a good 
account of substituent effects on 'J(C-C) while the other review deals 
with long-range C-C coupling constants. 
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The application of C-C coupling constants in biosynthetic studies has 
been discussed in a number of papers (31-34) and will not be reviewed 
here. 

A. 'J(C-C) values 
1. Hydrocarbons 

Early work indicated that 'J(C-C) is related to the apparent 
hybridization of the bonded carbon atoms. (35) Some of the early results 

T A B L E  111 
Some early 1J(11C-13C) spin-spin coupling data in Hz 

Coupled nuclei ' J ( C - C )  Reference 
______ 

5 

b c4-c, 16.0 (35) 
4 1  

20.2 (35) 

ethane 34.6 (36,37) 
toluene Cl-CH1 44 .2  (38, 39) 
benzene 57.0 (28) 
ethylene 67 .6  (36, 37) 
allene 98.7 (35) 
acetylene 171.5 (36, 37) 

are summarized in Table 111. The dependence of 'J(C-C) on the 
apparent hybridization of the two carbon atoms was interpreted using 
semi-empirical equations such as 

(7) 

Such expressions are based on the dominance of the Fermi contact 
mechanism. (38) Negative values of 'J(C-C) are not possible on the 
basis of equation (7). 

In 1971, Maciel et al. (40) reported 'J(C-C) values calculated using 
the finite perturbation technique (FPT) in conjunction with molecular 
orbital theory at the INDO level of approximation. The calculations 
were carried out on more than 75 molecules and only the Fermi contact 
contribution was evaluated. Molecules with strained rings were not 
considered. Reasonable agreement with experiment was realized and it 
was observed that computed 'J(C-C) values were approximately related 
to P$-,,s,c,,. In addition, it was found that computed 'J (C-C)  and 

'J(C-C) N 0.0575 %s, %s, 
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P,(,,A 2 s(c), values were roughly equally successful in acounting for 
variations in 'J(C-C). These results suggest the dominance of the Fermi 
contact term. 

Blizzard and Santry (16, 17) also examined C-C coupling constants 
using the INDO-FPT method. They included the orbital and spin dipolar 
terms as well as the contact term. Of the 15 molecules considered none 
were cyclic hydrocarbons. The contact term was found to be the most 
important, followed by the orbital and spin dipolar terms. The authors 
reported that the contact term completely dominates in the case of C-C 
single bonds, while the other terms become important when the two 
carbons are joined by multiple bonds. 

More recently Newton, Schulman and Manus (41) considered the 
relationship between experimental 'J(C-C) values in 12 different hydro- 
carbons and the product of the percent s character in the two bonding 
carbon atomic hybrids obtained from localization of INDO molecular 
orbitals (see Fig. 1). They found that 

'J(C,-C,) = 0.0621 %s, %s, - 10.2 HZ (8) 

It is interesting to note the negative intercept in the plot of Fig. 1. On the 
basis of equation (8) negative values for 'J(C-C) in benzvalene [ 11 and 

B A 

bicyclobutane [2l are predicted. In a later publication Schulman and 
Newton (42) used the method of Blizzard and Santry (15, 17) to 
calculate and compare the relative importance of the three coupling 
mechanisms in a number of acyclic and cyclic hydrocarbons. The 
noncontact terms make a large relative contribution to 'J(C-C) for 
three-membered rings. In the case of benzvalene and bicyclobutane all 
three terms are negative. 

A negative intercept in the plot of ' J (C-C)  against %s character has 
been recognized by Weigert and Roberts. (28) The predictions made in 
the latter papers have been borne out by experiment. Pomerantz, Fink 
and Gray (43, 44) determined a value of -5.4 k 0.5 Hz for the 
bridgehead-bridgehead 13C-13C coupling in the bicyclobutane derivative 
131. Further calculations on bicyclobutane and 1 -methylbicyclo[ 1.1 .Ol- 
butane by Schulman and Venani, (45) examine the influence of 
geometry and methyl substitution on calculated lJ(C-C) values in these 
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0.01 (%s,l(s,l 
FIG. 1. Some observed nuclear spin-spin coupling constants between singly bonded carbons in 
12 hydrocarbons plotted against the product of the per cent s characters in the two bonding 
carbon atomic hybrids obtained from localization of INDO molecular orbitals. The bonds 
indicated by number on the figure are for: (1)  cyclopropane, (2)  quadricyclene, C,-C,, (3) 
bicyclol2.1.0lpentane, C,-C,, ( 4 )  spiropentane, C,-C,, (5) bicycloll.l.0lbutane C,-C,, (6)  
cyclobutane, ( 7 )  nortricyclene, C,-C,, (8) norbornane, C ,-C,, (9) norbornane, C ,-C,, (10) 
neopentane, (11 )  ethane, (12) bicyclol2. I.Olpentane, C ,-C,, (13) nortricyclene, C ,-C,, (14) 
quadricyclene, C ,-C,, (15) toluene, C,-C,, (16) methylacetylene, C,-C,. 

H 

[31 

strained molecules. It is interesting that the central bond in 
bicyclobutane has an unusual hybridization: spl* (INDO) and spZ4 (ab 
in it io). 

'JC-C) values have been measured in 4-I3C-4-propyl-3-heptene [41, 
I-13C-l-methyl-cyclohexene [51 and l-13C-toluene [61. (46) In [41, 'J(C,- 
C,) is 73.1 Hz while 'J(C,-C,) and 'J(C,-C,J are 41.6 and 43.0 Hz 
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C 1-C* \ /  c,-c,-c 7 6* 62 
c,=c, 

\ 
c,-c,-c 10 

[41 [51 161 

respectively. In [51, 'J(C,-CJis 73-6 Hz, while 'J(C,-C,)and lJ(C,-C,> 
are 40.1 and 44.8 Hz. In toluene [61 'J(C,-CJ is 57.3 Hz, which is 
very similar to the value of 57.0 Hz observed in benzene and other 
monosubstituted benzenes. (28) The observed values for 'J(C3-C4) and 
'J(C,-CJ in [4] and [51 are approximately 6 Hz larger than the value of 
67.2 Hz in ethylene. Similar increases occur in propene and isobutene, 
and it has been suggested that the value of 'J(C-C) in ethylene 
derivatives depends on the number of carbon-substituents at the double 
bond. (29,47,48) 

For butadiene 'J(C,-C,) is 68.8 Hz while 'J(C,-C,) is 57-3 Hz. (48) 
'J(C,-C,) in toluene is 44.2 Hz, similar to the values observed for 

'J(C,-C,) and 'J(C,-C,) in [41 and [51. 
In pyrene [71 'J(C,-C,) is 57 Hz While 'J(C,-C,,) is 58.9 Hz. (49) 

In naphthalene 'J(C,-C,) is 60.3 Hz. (49) In diphenylacetylene [81, 

2 

71 [81 

'J(C-C) is 185.0 Hz across the acetylenic bond. (50) This appears to be 
the largest value reported so far for 'J(C-C). 

2.  Carboxylic acid derivatives 
Experimental lJ(C-C) values are available for some 13C-carboxyl 

aliphatic carboxylic acids. (5  1) 'J(C,-C) varies between 54.4 and 59.2 
Hz. The authors conclude that factors other than ring strain are 
important in giving rise to this variation in 'J(C,-C). 'J(C,-C) values in 
the C=C-C-CO,H fragment (52) also fall within the range of values 
given above. 

In aromatic carboxylic acid derivatives 'J(C,-C) is approximately 16 
Hz greater than in aliphatic derivatives. For example, in benzoic acid 
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and pyrene-l-carboxylic-'3C-acid, 'J(C,-C,) is 71.87 Hz (52) and 72.1 
Hz, (53) respectively. In sodium benzoate 'J(C,-C,) decreases to 65.90 
Hz. (54) In the methyl ester of benzoic acid and in ethyl pyrene-l- 
~arboxylate-'~C, 'J(C-C) is 74.79 Hz (54) and 75.76 Hz, (53) 
respectively. Similar changes take place in acetic acid derivatives. The 
'J(C,-C) values in sodium acetate, acetic acid, and ethyl acetate are 
5 1.6 Hz, 56.7 Hz and 58 .8  Hz respectively. ( 5 5 )  

Linde and Jakobsen (56) have measured a value of 127.5 Hz for 
'J(C,-C,) in 191 and nicely demonstrated the utilization of selective 

H,C,-C,-C 2-13 C ,O,CH, 

[91 

population transfer (SPT) in the measurement of the relative signs of 
long-range coupling constants to C , using the m~no-'~C-labelled 
compound. 

3. Amino acids and other molecules of biological interest 
The pH-dependencies of one-bond C-C coupling constants in a 

number of amino acids have been reported by Tran-Dinh et al. (57, 5 8 )  
Each carbon in the amino acids was uniformly enriched to 85%. The 
values of 'J(C,-C,) are similar to those observed in aliphatic carboxylic 
acids. In the zwitterion, 'J(C0-C,) values lie between 53.4 and 54.1 Hz; 
upon protonation of the carboxyl group this coupling constant increases 
by about 6 Hz. 

The coupling constants 'J(C,-CB) are very similar and generally lie 
between 33 and 37 Hz. Only 'J(C,-C,) varies appreciably as a function 
of pH and reflects the ionization of the carboxyl group. 

In histidine [lo], at pH 0.8 'J(C,-C,) is 51.0 Hz and 'J(C,-C5) is 

\ 

/CL3H2 

OH 

[ 101 [ l l l  

74.5 Hz. (54) In tyrosine [ l l ] ,  at pH 11.3 'J(CP-CI) is 33.7 Hz (note 
that this value is considerably smaller than the one in toluene and may 
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be incorrect), 'J(C,-C,) is 57.5, 'J(C,-C,) is 58.0, and 'J(C,-C,) is 

Sogn, Graig and Gibbons (59) have also reported I4C-C) values in a 
number of amino acids. The measurements were carried out in 6 N HCI. 

For the proline residue in Gly-Pro-Gly and L-Glu-His-Pro-NH,, 
'J(C,-C,) in the trans isomers is about 1.4 Hz greater than the 
corresponding value in the cis isomer. (60) 

4 .  Miscellanous 'J(C-C) values 
In benzyl derivatives [ 121, substituent effects on lJ(C,-C,) appear to 

be small. (54) The presence of the OH and C1 groups in [ 121 leads to an 

60.5 Hz. (58) 

[ 121 

increase of 3.5 and 3 . 6  Hz, respectively compared to the value in 
toluene. The increases in the corresponding substituted ethanes, relative 
to ethane, are 3.1 and 1.5 Hz, respectively. (61, 29) 

Marshall and Ihrig (62) have also examined the influence of ring 
substituents on carbon-carbon coupling constants in a number of 0- and 
p-substituted toluenes (13CH3). The results are presented in Table IV  

T A B L E  IV 
"J(C-C) values in some ortho a n d p r a  substituted toluenes in Hz (62) 

4 

Substituent 
X 'J(C,-C,) 2J(C2-C,) 'J(C,-C,) 4J(C,-C,) 'J(C,-C,) IJ(C,-C,) 

H 44. I9 3.10 3.84 0.86 3.84 3.10 
2-N02 43.55 -1.0 1.53 0.50 3.60 2.20 
2-NH2 45.00 -1.0 1.64 0.62 3.87 2.47 
2-1 46.85 (0.5 2.42 0.66 3.55 3.48 
2-CN 43.82 -0.8 2.40 0.73 3.87 2.83 
4 -N02  43.45 3.46 3.87 - 3.87 3.46 
4-NH2 45.91 3.17 4.19 (0.56 4.19 3.17 
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which shows that the range of observed 'J(C,-C,) values is less than 3.5 
Hz. 

In naphthalene [131, lJ(C,-C,) is 60-3 Hz. (49) Replacement of the 

X 

(a) H 

6 ,d* 0 0 3  (b) (c )  OCOCH, OH 
5 4 

[131 

proton by an OH group at C ,  results in an increase of at least 8.5 Hz 
(49, 63) for 'J(C ,-C2). In 1-acetoxylnaphthalene [ 13cl this coupling is 
74.0 Hz. (63), an increase of 14 Hz relative to naphthalene. In [141, 

€3 /CHI 
X = H and OCOCH, \ c -c 

H X 

i 141 

/ '- f 

'J(CI-C2) similarly increases from 70.0 (X = H) to 84.2 Hz (X = 
OCOCH,). (29, 47) It is interesting to note that 'J(C,-C,) in [13bl and 
[ 13cI are equal, within experimental error, but that 'J(C,-C,) is 4 -0  Hz 
greater in [ 13cl than in [ 13bl. 

In 9-13C-9-methoxyanthracene 'J(C,-C,,) and 1J(C9-C13) are 69-89 
Hz. (64) Unfortunately, 'J(C-C) values are not available for anthra- 
cene. In 9-13C-anthrone [ 151, 'J(C-C) is 54.9 Hz, (64) almost identical 

[151 [ 161 

to the value (54.5 Hz) reported for 'J(C,-C,) in benzil-a,P-'T, [ 161. 
(50) The value of lJ(C-C) in acetone is 40.6 Hz. (28) 

B. 'J(C-C) in various fragments 
Geminal C-C coupling constant data are available for a variety of 

compounds but, unfortunately, signs of this coupling constant have only 
been determined in very few instances. (29) Also, calculations of the 
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relative importance of the various couplings mechanisms are sparse. In 
this section an attempt is made to discuss the zJ(C-C) values measured 
in a number of different fragments. Such an approach has proven useful 
in the interpretation of ZJ(C-H) values. (65) 

1. The C , / c z k l / x  fragment 

2J(C-C) in this fragment is generally small. For example, in a number 
of 1-substituted butanes zJ(C,-C3) is generally less than 1 Hz. (30) It 
appears that substituents have only a small effect on this coupling 
constant. 

In 2-methyl-2-butano1, 2J(C,-C3) is 2 -4  Hz. (66) If substituent effects 
on zJ(C-C) and 2J(C-H) in saturated fragments are similar then one 
would predict a positive value for the coupling observed in 2-methyl-2- 
butanol. (67) 

* c-c 
\*  

fragment F=X 2.  The 

R 
In two different alkene derivatives (X = C) Marshall and Miller (46) 

found zJ(C-C) to be 2-0, 2-0 and 2.3 Hz. In a number of carboxylic 
acids (X = 0, R = OH), zJ(C-C) is less than 2 Hz. (5 1) 

E 
3. The 

- 

/ *  
C-CEX fragment 

For X = N, zJ(C-C) is approximately 33 Hz. (68) The sign of this 
coupling constant is not known. 

fragment c-c \* 
C- 

4 .  The 

In 1-methylcyclohexene and 4-propyl-3-heptone, zJ(C-C) is less than 
1 Hz in this fragment. (46) 

In histidine zJ(C,-C,) is 5.9 Hz. (58) The values observed in toluene 
derivatives vary between 0.0 and 3.5 Hz. In a number of benzyl 
derivatives studied by Marshall and co-workers, (54) zJ(C-C) varies 
between 3.1 and 3.7 Hz. (62) 

5.  The C-C=C fragment 

In compound [91, zJ(C,-C,) is +20.3 Hz. (56, 69) Similarly, a 
positive value of 13.1 Hz has been found for zJ(C-C) in diphenylacetyl- 

* * 
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ene. (50) The value of 11.8 Hz observed for 2J(C-C) in propyne (28) 
must also be positive. 

* 

fragment *?=” 6. The 

C 

In acetone, 2J(C-C) is + 16- 1 Hz (70) and can be compared with the 
large positive values of 2J(H-H) in formaldehyde (71, 72) and of 2J(C- 
H) in acetaldehyde. (67, 73) In benzil this coupling is also large and 
positive, + 14.0 Hz. However, in benzildihydrazone, zJ(C-C) is only 
+4*9 Hz. (50) 

c=c 
7 .  The \* fragment and where all carbons are within 
an aromatic ring C=C 

In butadiene, (48) naphthalene, (49) and pyrene (49, 53) the 
measured 2J(C-C) values are less than 2.5 Hz. In the few substituted 
naphthalenes (49, 63) and pyrenes, (49, 53) which have been studied, 
2J(C-C) does not exceed 3 Hz. 

8. Miscellaneous zJ(C-C) values 
In dimethylmercury (74) zJ(C-C) is +22-4 Hz. 
Negative values have been reported for a bicycle[ 1 . 1  .Ol butane 

derivative [ 31, (44) methyl tetrolate [91, (56) and methylchloroformate. 
(75) In the latter two compounds the coupled nuclei are separated by an 
oxygen atom. 

c. 3J(C-C) 
1 .  Saturated fragments 

In the saturated XCCH fragments 3J(X-H) coupling constants 
depend critically on the XCCH dihedral angle (i.e. the dihedral angle 
measured from the plane in which the two bonds containing the coupled 
nuclei are eclipsed). The dihedral angle dependence of 3J(X-H) results 
primarily from interaction of vicinal hybrid orbitals directed towards X 
and H. (6, 66, 76-78) Generally this angular dependence of 3J(X-H) is 
adequately described by a “Karplus like” equation of the form 

(9) 

where A,  B, and C are empirical constants and 4 is the XCCH dihedral 
angle. (The interested reader should consult the following papers for lists 
of relevant references. (3, 51 ,  66, 79)) 3J(X-H) values are generally a 

3J(X-H) = A COS’ 4 + B cos 4 + C 
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maximum at 4 = 180°, a minimum near 4 = 90° and intermediate at 4 
= Oo. That is, B is negative, IA I > IBI, and C = 0. 

In 1973, Marshall and Miller (51) showed that, in a series of 
carboxylic acids, 3J(C-C) in the 13C-C-C-13C-OOH fragment is 
roughly dependent on the 13C-C-C-13C dihedral angle. For dihedral 
angles near Oo, 60° and 180°, the observed values of 3J(C-C) are 
approximately 2.4, 0 and 5 Hz, respectively. However, near 4 N 180' 
the experimental data show considerable scatter. 

T A B L E  V 
Some calculated vkinal 13C-"C coupling constants in Hz for butane, 2-butano1, and butanoic 

acid at 30' intervals of the dihedral angle 4 (80) 

Dihedral ?I(C-C) 
angle 
4 deg Butane 2-butanol" Butanoic acidb 

0 5.79 5.34 1.76 
30 3.96 3.79 0.90 
60 I .94 1 . ~ 7  - 

9Q 0.56 0.50 0.13 
I 20 1.45 1.10 - 

150 3.34 2.77 4.24 
180 4.21 3.82 5.87 

"The orientation of the OH is fruns to the C,-H bond. A plot of ?I(C-C) us. 4 is not 
symmetrical about 4 = 1 8 0 O .  (80) 

For butanoic acid it would not be easy to obtain coupling constants for all values of the 
dihedral angle in Table V because certain conformations are of very high energy due to strong 
steric interactions between the C, methyl group and the carboxyl group. The carboxyl group 
was oriented in such a way that the carbonyl eclipses the C, carbon atom. Thus, coupling in 
butanoic acid depends on the variation of two dihedral angles. 

Calculated values for these conformations were considered unreliable because of the very 
high energies associated with steric interactions between the C, methyl group and the carboxyl. 

Doddrell et al. (80, 66) have examined the angular dependence of 
3J(C-C) in a number of aliphatic and alicyclic alcohols. In contrast to 
the carboxylic acids, 3J(C-C) is observed to be a maximum, -5-4 Hz, 
for a dihedral angle near 0". For the trans arrangement, 4 = 180°, 
3J(C-C) is -3.2 Hz. At dihedral angles of 90 and 270°, 3J(C-C) is 
less than 0.4 Hz. Observed 3J(C-C) values for the alcohols and 
carboxylic acids (66, 80, 52) have been compared with values calculated 
(INDO-FPT) for the model compounds butane, 2-butanol, and butanoic 
acid. The calculated coupling constants are given in Table V. (80) Also, 
experimental and calculated 3J(C-C) values for the carboxylic acids are 
shown in Fig. 2. The calculations, which assumed only the Fermi contact 
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mechanism, are in good agreement with experiment. The authors (52) 
find that, in contrast to vicinal coupling constants involving protons, the 
simple form of equation (9) does not provide an adequate quantitative 
representation of the observed 3J(C-C) values. It has been suggested 
that deviations from equation (9) may result from the importance of 
direct (electron-mediated) coupling, which depends on both proximity 

0 

0 

6 

+ 
0 

0 

0 * + +  
6 *  

+ 
+ 

8 

I 1 I I 1 1 I 1 I 

0 60 I20 I 

+ s o  

FIG. 2. Some observed 3J(C-C)  values (+) for aliphatic and alicyclic carboxylic acids 
compared with theoretical ?I(C-C) values (0) for butanoic acid, plotted against the dihedral 
angle 4. 

and bond orientation effects. (8 1) These interactions are expected to be 
most important at small values of the dihedral angle. 

Vicinal C-C coupling constants in aromatic and dihydro aromatic 
carboxylic acids have recently been reported by Marshall and co- 
workers. (52) n-Electron coupling paths modify the form of the angular 
dependence observed for 3J(C-C) in aliphatic systems. As found 
previously for other vicinal couplings (e.g. H-H; C-H, and N-H), the 
n-electron paths are most important at dihedral angles of 90° where the 
a-7r exchange interaction is most effective. (82, 83) Thus, at dihedral 
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angles where spin information is transmitted most efficiently by the 71- 

electron paths, the o contribution is less important and vice versa. The 
net result is that, in the 13C-C-C=13C fragment. ' J (C-C)  values are 
expected to be of little value in conformational analysis. (52) 

Substituent effects on 3J(C-C) values in a series of 1-substituted 
butyl compounds and in a series of 1 1-substituted 1-methyladamantane 
compounds have recently been reported by Barfield et al. (84) The 
experimental results are shown in Table VI. In the adamantane 
derivatives 3J(C-C) values are 1.2 Hz to 1-4 Hz less than the vicinal 

T A B L E  VI  
Some observed values of vicinal C-C coupling constants in a series of "C,-labelled, 
C,-substituted butanes and in a series of "C, ,-labelled, C , ,-substituted I-methyladamantanes in 

H z  (84) 

Substituent 
' X  

;H,X 

CH,CH,CH2*CH,X 
'J(C-C) 'J(C-C) 

H 
OH 
CN 
F 
CI 
Br 
I 

4.6 
4 . 7  
4 . 3  
4 . 8  
5.2 
4 .9  

3 .2  
3.3 
3.4 

3.4 

3.7 
- 

coupling constants for the substituted butanes (see Table VI). This result 
was unexpected since in the adamantane derivatives the coupled nuclei 
have 4 N 180°, while in the butanes the gauche conformations (4 = 60°) 
are also expected to be important. The observed experimental trends in 
Table VI are reproduced by INDO-FPT calculations. The apparent 
anomalies are explained by an impinging multiple rear lobe effect which 
causes a reduction in 3J(C-C),,,, for the adamantane derivatives. 

In amino acids 3J(C,-Cv) varies between 1.5 and 3.5 Hz. (57, 58) 
For the proline residue in the tripeptide hormone thyrotropin-releasing 
factor (TRF, LGlu-His-Pro-NH,) Haar et al. (60) report that 3J(C,-C$ 
5 0.5 and 3J(C,-C,) = 3.9 Hz. Using the angular dependence of 3J(C- 
C) predicted by Bafield et al., (66, 52) Haar and co-workers (60) 
conclude that the proline residue in TRF is preferentially in the endo 
conformation in contrast to proline itself. 
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2. Unsaturated fragments 
Three-bond C-C coupling constants are available for butadiene, (48) 

some naphthalene, (49, 63) anthracene, (64) and pyrene (49, 53) 
derivatives. Factors other than dihedral angle must be important for 
determining 3J(C-C) in these systems. For example, in pyrene-I3C 
3J(C1-C9)trans and 3J(CI-C15)trons are 5-82 and 3.05 Hz respectively. 
(49, 53) A similar trend is apparent in 9-methylanthracene-l3C,, (64) 
where 3J(C9-C,),rons is 5.95 Hz while 3J(C9-C5),ra,,s is 3.13 Hz. 

2J(C-C) and 3J(C-C) values in the naphthalene (63) and anthracene 
(64) derivatives have been plotted against the sum of the n-bond orders. 
Reasonable correlations are obtained if one assumes that *J(C-C) is 
negative in these systems. 

Vicinal as well as one- and two-bond C-C coupling constants have 
been measured in some barbituric acid derivatives. (85) 

D. “J(C-C), n 2 4 
Long-range carbon-carbon coupling constants have been reported in a 

few studies. (49-54, 62-64) These coupling constants are generally less 
than 1 Hz. More data, including the signs, are required. 

V. N-C COUPLING CONSTANTS 
Almost all J(N-C) values have been obtained from the I3C NMR 

spectra of 15N-enriched compounds (ISN natural abundance is only 
0.365%). (86-88) The ISN nucleus has a spin of 1/2 and a negative 
gyromagnetic ratio hence J( I5N-C) values are opposite in sign to K(N- 

K(N-C) = -3.268 x 1020J(’5N-C) 
C). 

where K(N-C) is in ~ m - ~  and J(ISN-C) is in Hz. (89) The more 
abundant 14N nucleus (99.635% natural abundance) has a spin of 1 and 
a positive gyromagnetic ratio. Except in cases where the electric field 
gradient at this nucleus is small, because of the high symmetry of the 
bonding arrangement, the quadrupolar relaxation mechanism is very 
effective. (90) Under these conditions the I4N nucleus is effectively 
decoupled and I4N-C coupling constants cannot be observed directly 
from I3C NMR spectra. 

All values reported here are of l5N-I3C coupling constants. Brackets 
will be used to indicate that the sign of the coupling constant is not 
known with certainty. 
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T A B L E  V I I  

Some observed 1J(15N--”C) values in Hz 

Compounds 

Amines 

R ,  = 4-nitrophenyl 
R, = isopropyl 

R 
\ I  

methylamine (neat) 
I -propylamine 
1 -propylamine. HCI 
quinuclidine 
quinuclidine. HCI 
NH,CH,C0O0 
@ NH ,C H ,COOo 
NH ,CH(C H,)COO” 
@ NH ,C H (CH ,)COO @ 

aniline (neat) 
in CCI, 
in CDCI, 
in acetone-d, 
in DMSO-d, 

anilinium ion 
4-methylaniline 
2-methylaniline 
4-nitroaniline (acetone-d,) 

in DMSO-d, 
4-nitroanilinium ion 
2-aminobenzoic acid (pD 12-_ 12) 
N-methylaniline N-C, 

N-CH, 

Amides 
Formamide (neat) 

in H,O 

~ 

‘J(”N-C) Reference 

+4.9 

-3.  I 

-4.5 
(-)3.9 
(-)4.4 
(-)2. I 
(-)4.8 
(-)4.8 
(-)6.2 
(-)4.4 
(-)5.6 
- 10.9 
- 1 1 . 1  
-10.9 
-11.45 
-12.1 
(-)8.9 

(-) 1 0.5 
(-)10.5 
(-)14.9 
(-)15.0 

(-)9.2 
(-)10.7 
(-)I 3.0 
(-)10.3 
(-)12.5 

(-)9.6 
(-)9.65 

(-) 16.2 
(-) 12.2 
(-)36.2 

(-) 13.9 
(-) 14.8 

91 

91 

93 
94 
94 
94 
94 
95 
95 
95 
95 
96 
96 
96 
97.98 
96 
96 
96 
96 
96 
96 
96 
96 
99 
99 
99 
99 
99 
99 
99 
99 

100 
100 
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TABLE VII-cont. 

Compounds ' J (  "N-C) Reference 

Acetanilide in CDCI, 

in acetone-d, 

Nitro compounds 

nitro benzene 

Oximes and imines 
formaldoxime 
acetaldoxime (E) 
acetaldoxime (2) 
propionaldoxime (E) 
propionaldoxime (2) 
2-cyclohexenone (E) 
2-cyclohexenone (Z) 
benzaldoxime (E) 
mesitaldoxime (E) 
acetophenone oxime (E) 
acetone-d, 

C H W 2  

R, = 9-anthryl 
R, = tert-butyl 

in DMSOd, 

in DMSO-d, 

in DMSO-d, 

in DMSO-d, 

N-C , 
N-CO 
N-C , 
N-CO 

in H,O 
in H,O 
in H,O 
in H,O 
in H,O 
in C,D, 
in C,D, 
in CDCI, 
in DMSO 
in CDCI, 
in acetone-d, 

101 

101 

101 

101 

96 
96 
96 
96 

88,102 
103 

104 
104 
104 
104 
104 
104 
104 
104 
104 
105 
105 

89 

89 

R, = 9-anthryl 
R, = tert-butyl 
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T A B L E  VII-cont. 

Compounds 
~ ~ ~~~ 

'.I ("N-C) Reference 

Nitriles and ironitriles 
CH,C=N 
CH,CH,C=N 
(CHI),CHC=N 
(CHJICC=N 

CHIN=C 
CH,CH,N=C 
(CH,),CH N=C 
(CH,)]C-N=C 
H,C=C-N=C 
H,C=C=CH-NaC 

@N-C 

N=C 
-8.88 

(-)7.4 
(-)6.7 
(-)5*2 
(-)7 
(-)6.6 

(-)7.3 

Unsaturated heterocyclic derivatives 

@ 1 
0 

N-C I 

N-Cl 

N-C I 

H N-C, 

N-C I 

N - C ,  

N-C I 

N-C, 
'OH 

-17.5 
(-)16.4 
(-)15.4 
(-)I50 

C-N 
-9.8 

(-)19.1 
(-)7.8 
(-)7.0 

(-)16.4 
(-)20.0 

(-) 18.5 

+0.62  

-11.85 

-15.23 

(-)15.6 

(-)5.9 

(-)20.5 

(-)6.8 

106,107 
107 
107 
107 

108,109 
110,111 
1 1 1  
110,111 
1 1 1  
1 1 1  

1 1 1  

95,98 

95,98, 
104 

98 

112 

112 

112 

112 

112 

112 

1 I2 

112 
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Compounds 'J("N-C) Reference 

OH 

(-)11 .o 
(-) 15.0 

OH 

R, =p-hydroxyphenyl 
R, = 4,6-dimethyl-trans-trans-octa-2,4-dienoyl 

113 

113 

I 
H 

Rb 
R = mesityl 

98 

92 

114 

114 

Miscellaneous 

NzEN-CH, (-)24.0 115 

NEN-CH-CO,Et (-)21.2 115 

O B  

O 

A. 'J(N-C) 
Reported values of ?I(N-C) range from + 4 - 9  Hz in an oxaziridine 

derivative (9 1 )  to (-) 77.5 Hz in 2,4,6-trimethylbenzonitrile-N-oxide 

CH, 
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[17]. (92) However, with the exception of [17], I'J(N-C)I is generally 
less than 35 Hz. 'J(N-C) values in a number of compounds are given in 
Table VII. 

The first interpretation of nitrogen-carbon coupling constants was 
presented by Binsch et al. (1 16) in 1964. For several compounds, they 
found that 'J(N-C) appears to be related to the product of the percent s- 
characters of the directly bound nitrogen and carbon atoms. Implying 
the dominance of the Fermi contact mechanism and an average energy 
approximation, these workers suggested that (negative sign inserted 
here) 

Later 'studies have shown that equation (10) is inadequate and that the 
assumptions made in formulating this equation are in general unjustified. 
Of course, lack of agreement between observed 'J(N-C) and values 
predicted on the basis of equation (10) does not necessarily imply that 
the spin dipolar and orbital contributions are significant. 

In 1970, Maciel et al. (40) carried out semi-empirical INDO-FPT- 

, 

I (10) %s, %s, = -80 lJ(l5N-'T) 

4 N  1 I ,  c 1 

FIG. 3. Plot of calculated IJ(N-C) values against P:,Nl,,cl values for some amine derivatives. 
Three points fall at 'J(N-C) z -16.3 Hz and P:,Nl,,c, 0.061. 
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Some calculated values for 'V(N-C) in Hz" compared with observed data 

Molecule Coupled nuclei J(N-C), J(N-C),, J (N-C),  J(N-C ) , , , , d l  J(N-C)ch J(N-C),ba,,,eJ(' 

2 Acetonitrile N r C -  2.8 -10.7 - 17.3 -25.2 6.2 (40) - 17.5 
N-C 3.1 0 .3  0.1 3.5 - 3.0 

Methyl isocyanide -N& 18.4 -8. I -13.9 -3.6 -9.1 
N-C -11.9 0.2 -0. I -11.8 - -10.7 

0 
x 
P 

- 

Methylamine N-C -2.7 0 .2  -0. I -2.6 -3.7 (96) -4.5 : m 
Pyrrole N-C I -14.8 0.9 0.0 -13.9 -30.0 (96) -13.0 .c. 

c, N-C, -0.6 -0. I 4 . 1  -0.8 - I  .O (98) -3.9 m 
I Pyridine N-C I -0.7 1.6 -0.3 0 .6  -1.5 (104)' 0.6 m N-C, 2.9 -0.1 0.3 3.1 6.0 (104)" 2.5 z 

N-C, -3.2 -0.1 -0.4 -3.7 -6.6 (104)' -3.9 

N-C2 3.6 0.0 0. I 3 .1  7.4 (104) 2 .i) 
N-C, -4.3 -0.1 -0.3 -4.4 -8.7 (104) -5.3 

Pyridinium ion N-C I -13.5 1.2 -0.2 -12.5 -27.5 (96) -11.9 



Aniline N-C , -8.0 0.4 -0. I -7.7 -16.3 (96) - 1  1.4 
N-C, -0.1 0.0 -0.2 -0.3 -0.5 (96) -2.7 
N-C, -1.6 0.0 0.0 -1.6 -0.8 (96) -1.3 
N-C, -0.7 0.0 -0.1 -0.8 - 1.7 (98) 0.3 

Aziridine N-C 3.7 0.4 0.0 4.1 7.6 (96) - 

Formaldoxime N-C 0.5 1.9 -0.9 1 .5  - 2.9' 
Nitromethane N -C -17.8 0.2 -0.1 -17.7 - 

- Formamide N-C -11.4 0.7 0.0 -10.7 -26.4 (96) ? 
-10.5 9 
-14.57 7 Nitrobenzene N-C,d -29.53 - -29.25 - 

X 
v1 

- 

- vl 3.35 - -1.67 N-C,d 3.65 - 

N-C,d 1.20 - 

N-C,d -5.09 - - -5.20 - -2.32 : 
- 0 - 1.29 T0.60 

Benzonitrile oxide N =C -34.4 -23.0 -17.8 -75.2 -73.5 (96) --77.5 C 

r All values are from ref. 20 unless otherwise indicated. Triple bond values are calculated assuming a = 13.10 and 6 = 20.85 a"'. (see note z 
0 

-0 

added in proof, ref. 20). 
*J(N-C), values calculated using the s orbital densities at the nucleus given on p. 154 of ref. 13. 
'See Table VII for references to experimental data. 
'' See ref. 103. 
"Similar values are given in ref. 117. 
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MO calculations on a small number of molecules for which experimental 
data were available at that time. Only the Fermi contact contribution 
was considered and although agreement with experiment is rather poor, 
it is interesting that no correlation between calculated 'J(N-C) values 
and Pi(N,s c) was found. This result is in contrast to the calculated results 
obtained lor carbon-carbon coupling constants. More recent INDO- 
FPT calculations on a series of amine derivatives indicate that the Fermi 
contact contribution to 'J(N-C) is related to P:,,,,,,, in this class of 
structurally similar compounds. (96) The results of these calculations are 

Recent INDO-FPT calculations predict that, for the N-C bond, the 
orbital and spin-dipolar contributions to J(N-C) become significant. 
(20) The results of these calculations by Schulman and Venanzi (20) are 

illustrated in Fig. 3. I 

T A B L E  I X  
Some results of INDO calculations for 'J(N=C) in acetonitrile 

Contact Orbital Dipolar Total Method 

1.8 -0 .2  -1.9 , -0.3 U 

5.01 -1.02 -5.04 - 1.05 b 
2 .8  -10.7 - 17.3 -25.2 C 

6.2 d 6.2  - - 

'' Ref. 118. Sum-over-state perturbation method. The values of the one-centre integrals. s:(O) 

Ref. 119. Sum-over-state perturbation method. s:(O) values from Pople and co-workers. 
and ( r  J),  are quoted from those summarized by Morton. (120) 

(13) ( r  '), = 1.430 a.u. and ( r  I ) ,  = 2.472 a.u. 
' Ref. 20. Finite-perturbation theory. a = 13.10 and b = 20.85. 

Ref. 40. Finite-perturbation theory. 

given in Table VIII. With the exception of N=C bonds, the orbital 
contribution to J(N-C) is 2.1 Hz or less, while the spin-dipolar 
contribution is always predicted to be less than k 1.0 Hz. In compounds 
such as pyridine and formaldoxime, where the Fermi contact contri- 
bution is small, the orbital and dipolar contributions are predicted to 
dominate. For comparison, INDO-FPT calculations assuming only the 
Fermi contact mechanism are also included in Table VIII. 

Two groups of workers (1 10, 1 18, 119) have carried out sum-over- 
state INDO calculations, which also indicate that the orbital and spin- 
dipolar contributions are significant across the C=N triple bond. 
Calculated results for 'J(N-C) in acetonitrile are summarized in Table 
IX. Although there is lack of agreement in the total 'J(N-C) calculated, 
the Fermi contact contribution is consistently positive while the other 
two mechanisms give rise to negative contributions. 

As mentioned earlier, one of the problems in the calculation of 
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J(C-X) is the choice of values for the atomic integrals, s f ( 0 )  and (ry3).  
Pople et al., (1 1-13) Blizzard and Santry, (15-17) and Schulman et al. 
(20, 42) use a least squares fitting procedure, which is reasonable if 
sufficient experimental data exist. 

Schulman and Venanzi (20) have evaluated a=s:(0) s,?,(O) and 
b ~ ( r - ~ ) ~ ( r - ~ ) ~ ,  For other than triple bonds they find that a is 13.79 
a.u. and b is l-+7 a.u., while for triple bonds a is 13.10 a.u. and b is 
20.85 a.u. In the opinion of the reviewer the large difference calculated 
for b in these two cases is not reasonable. Furthermore, if one assumes a 
value of 2.5 a.u. or 2.88 a.u. for (r-3)c ,  as obtained earlier by Schulman 
and Newton (42) and by Blizzard and Santry (16, 17) from their studies 
of C-C coupling constants, themone obtains (r-3)N I 0.71 a.u. when 
the N atom is singly bonded to carbon. The conclusion that (r-3)N is 
less than one-half (r-3)c also seems unreasonable (see Table I). One 
must ask how much agreement should be expected between observed 
J(C-X) values and those obtained from semi-empirical MO calculations 
at the INDO level of approximation, and to what extent the 
disagreement between theory and experiment is due to inadequacy of the 
wave functions. 

Finally, in using the INDO-FPT method to obtain “a” and “b” by a 
least squares procedure, as in ref. 20, it would seem most reasonable to 
omit two-bond coupling constants in the fit. It is known that, although 
the INDO calculations are generally successful in predicting the correct 
trends for *J(A-B), the absolute values are generally in poor agreement 
with experiment. (12 1) 

Despite the problems mentioned above, the ‘J(N-C) values calculated 
by Schulman and Venazi are the best available at this time. Clearly, 
more experimental data, with signs, are required before the Pople et al. 
(10-1 3) and Blizzard-Santry (1 5-1 7) approach can be more thoroughly 
tested. 

Early experimental work on ‘J(N-C) has been summarized by 
Randall, (86) Lichter, (87) and Axenrod. (88) In the discussion that 
follows, empirical trends, observed for ‘J(N-C) in different classes of 
nitrogen compounds, are presented. 

1 .  Amine derivatives 
Values of ’J(N-C) for the amine derivatives in Table VII vary 

between +4.9 Hz, in the strained oxaziridine ring, and (-) 36.2 Hz 
when the nitrogen is connected to the acetylenic carbon in lSN- 
methylphenylpropynlamine. (99) The positive value of ‘J(N-C) is in 
qualitative agreement with the value of 1.53 Hz calculated for 
oxaziridine using INDO-FPT (Fermi contact term only). (96) The 
negative ‘K(N-C) value for the strained oxaziridine ring and the 
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qualitative increase in 'K(N-C), as the N-C bond order increases, is 
analogous to the trends observed for 'J(C-C). 

Bottin-Strzalko et al. (99) have found that equation (10) does not give 
consistent values of s, when applied to the three 'J(N-C) values in N- 
methylphenylpropylamine [181. It would be of interest to carry out an 
INDO calculation for this molecule and compare the calculated p$N)s(c) 
values with the observed 'J(N-C) values. Reasonable agreement 
between these observed and calculated values has been found previously 
for a number of amines. (96) 

C H  
\N-C&-CH, 

C H3' 

[181 

Nitrogen protonation results in an increase in 'K(N-C) for aliphatic 
amines (94) and a decrease in 'K(N-C) for aniline. (96) These 
observations are in accord with the calculations presented in ref. 96. 

For the amine derivatives in Table VII it is probable that the Fermi 
contact mechanism dominates in almost all cases. 

2.  Amides 
The reported 'J(N-C) values in amides vary over a relatively narrow 

range. The magnitude of 'J(N-C) in formamide-water solutions 
increases as the mole fraction of water increases. (100) This increase in 
'J(N-C) has been attributed to an increase in the C-N double bond 
character as the solvent polarity increases. Similar arguments may 
explain the observed increase in 'K(N-C) observed for aniline in polar 
solvents. (96) The sign of 'J(N-C) for this class of compounds must be 
negative. 

3. Nitro-compounds 
The values of 'J(N-C) in nitromethane and nitrobenzene are -10.5 

Hz and -14-6 Hz, respectively. (102, 103) Calculations by Schulman 
and Venanzi (20) and by Ernst et al. (103) suggest that orbital and spin- 
dipolar contributions to these couplings are negligible. 

4 .  Oximes and imines 
The absolute value of 'J(N-C) in oximes and imine derivatives is 

generally less than 5 Hz. MO calculations (20, 104) successfully indicate 
that the Fermi contact contribution to 'J(N-C) in these compounds is 
small. This result appears to be quite general for molecules which 
contain nitrogen lone pairs with considerably s-character. (20) Pyridine 
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is a classic example, the observed value of ?I(N-C) being only +0.6 Hz. 
For the oximes the absolute value of ‘J(N-C) in the E isomer is larger 

than the corresponding value in the Z isomer. (91) Assuming a positive 
value for ‘J(N-C) in acetaldoxime, Schulman and Venanzi (20) suggest 
that the lone-pair in the Z isomer has more p-character than in the E 
isomer. As the p-character of the nitrogen lone-pair increases, ‘J(N-C) 
becomes more negative. A similar argument may be used to account for 
the more positive value of ‘J(N-C) in the Z isomer of the oxaridine 
derivative given in Table VII. 

5.  Nitriles and isonitriles 
Values of ‘J(C-N) across the triple bond in nitriles and isonitriles are 

negative. (106, 109) In both acetonitrile and methylisocyanide the Fermi 
contact contribution to ‘J(N-C) is predicted to be positive and, for the 
methylisocyanide, quite large. The orbital and spin-dipolar mechanisms 
are predicted to make a negative contribution; thus it appears that the 
latter two mechanisms are important for coupling across triple bonds. 

For the isonitriles, ‘J(N-C) across the single bond is negative; (109) 
the absolute value appears to increase as the s-character of the C-N 
single bond increases. The Fermi contact contribution is expected to 
dominate this latter coupling. 

6. Unsaturated heterocyclic derivatives 
If the nitrogen has a lone-pair with considerable s-character, and 

hence resembles the nitrogen atom in oximes or imines, I’J(N-C)I is 
generally less than 4 Hz. The Fermi contact contribution to these 
coupling constants is predicted to be small. (20, 104) (See ref. 20 for a 
reasonable “explanation”.) 

Where one has a “pyrrole-type” nitrogen I’J(N-CI > 10 Hz. 
Relatively large absolute values of ‘J(N-C) are also observed in 
unsaturated N-oxides, and in protonated pyridine and quinoline 
derivatives. ( 122) 

B. *J(N-C) 
Some observed and calculated ZJ(N-C) values are given in Table X. 

Values of zJ(N-C) in the fragment [ 191 of amides vary between (-) 6 . 5  
Hz in propionamide (87) and (-) 10.3 Hz in cyclopropylmethanamide. 

I191 
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T A B L E  X 

Some representative observed and cakulated 2J(N-C) values 

Compound 2J(15N-C)ObSeNed 2J(1JN-C)cP,EUIaICd Reference 

87 (-)9.5 - 

(-)9.0 -3.48" 87 

0 

C 
CH,' 'NHR 

II 

R = phenyl 

(-)10.3 101 

H NH, 
I I  

I 
H/C*cC/C,,O (-)9.0 101 

H 

OH 

I 

N-C, (-)9.2 113 

1.76' 104 

CH,, 
C=N 

H' 'OH 
(-)9.0 -3.1 lb 104 

E- acetophenone oxime I05 
105 

CN\ /R ,C=N 
Me0,C 

122 

122 

N-CH,(A) (-)7.5 HZ 

N-CH,(B) (+)1.4 HZ 

95 

95 
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T A B L E X-cont. 

c? f 
F-NQ 
0 1  

CHIO-Cp ,+H 
0 

,C=N 
CN, ,O-R' 

H,COOC 

I22 
122 

122 
122 

N-( 3-CH3) (-)9.2 
N-(5-CH3) (-)8.9 

114 
I14 

N-(3-CH3) (-)10.3 
N-C, (-)5.5 

114 
I14 

8.64h 
6.32h 

-2.58' 

123 
123 
123 

7.376 
5.46b 
4 .42  

123 
123 
123 

+2.53 3.1c 98 

98 +2.01 3.7" 

112 
I12 

I12 
112 
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T A B L E  x-mt.  
Compound zJ(lJN-C)obsewcd 2J(1JN-C)caICU,atCd Reference 

@ N 

aniline 
anilinium ion 
N-met hylaniline 

I -propylamine 
1 -propylamine-HCI 
nitrobenzene 
CH,CN 

+ 1.43 5.8' 98 

98 
96 

- 99 

-0.3c, -0.5d -2.68 
(-)1.5 +2.5d 
(-)2.5 

N-C,. 
- +5.5 
-2.3 

k 1 . 2  
<0 .2  
- 1.67 
+ 3 . 0  

99 

99 

99 
99 

- 

- 

94  
94  

+3.3' 103 
3.5' 106 

- 

- 

0 
t 

92  

" Ref. 23. Ref. 104. Ref. 20. Ref. 96. Ref. 103. 
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(101) 2K(N-C) is probably positive, analogous to the relatively large 
positive values of 2J(C-C) observed in acetone and other ketones. The 
calculated value of 2J(N-C) for acetanilide is -3.5 Hz, approximately 
5 . 5  Hz too positive. 

The dependence of 2J(N-C) on lone-pair orientation is illustrated for 
several of the molecules in Table X. For example, in the oximes and 
triazines the absolute value of 2J(N-C) is greatly enhanced when the 
nitrogen lone-pair lies cis to the carbon. The INDO-FPT calculations 
and experimental data on 2J(N-H) and 2J(P-C) strongly suggest that a 
proximate lone-pair makes a postive contribution to the reduced 
coupling constant. (1 24- 126) For example, the value calculated for 
2J(15N-C3) in quinoline is +8.64 Hz. The coupling to C,, which is 
proximate to the nitrogen lone-pair, is calculated as -2.58 Hz (a 
difference of 1 1.22 Hz). That is, although the calculated values are too 
positive, 2J(N-C,) is about 11 Hz more negative than 2J(N-C3), in good 
agreement with experiment. Notice that in protonated quinoline, the 
observed values of 2J(N-C,) and 2J(N-C3) are approximately I1 Hzl. 
The INDO calculations predict these values to differ by less than 3 Hz. 

2J(N-C) values have not been observed in a study of the amino acids 
glycine and alanine. (95) 

C. 3J(N-C) 
Observed values of some vicinal 15N-13C coupling constants are given 

in Table XI. MO calculations generally predict the sign of this coupling 
to be negative in both saturated and unsaturated fragments. (20,23, 96, 
98, 103, 104, 127) 

1 .  Saturated fragments 
INDO-FPT calculations of the Fermi contact contribution to 3J(N- 

C) in the peptide fragment [201, by Solkan and Bystrov, (127) find that 
H 0 
I II 

II I 
KC", c,C\15N/CH3 

0 H ,CH, H 

[201 

the dependence of 3J(15N-C-1C,-C,) on the 15N-C1-C,-CP dihedral 
angle, 4, is described in an approximate manner by equation (1 1). 

3J(15N-C P -  ) - -2.6 COS' 4 - 0.6 cos 4 (1 1) 
Equation (11) predicts 3J(N-C ) to be -3.2, 0.0 and -2.0 Hz for 
dihedral angles of Oo, 90' and 18bo, respectively. 
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T A B L E  X I  
Some observed and calculated values of 3J(ISN-C) 

1 -propylamine 
I -propylamine-HCI 
quinuclidine 
quinuclidine-HCI 

CH,,N/CH,-C=C-H 

I 

94 
94 
94 
94 

(-)1.4 - 

(-)1.3 - 

(-)2.8 - 

(-)6.7 - 

(0.5 99 

aniline 
anilinium 
nitrobenzene 
pyridine-N-oxide 

. -1.29 
(-)2.1 

-2.32 
-5.17 

-0.8", -1.6' 
-3.3" 
-5.20' 
-5.2' 

98 
96 

103 
98 

112 

-3.85 
-5.30 

-6.60, -3.7' 
-8.72d, -4.4' 

98 
98 

pyridine 
pyridinium ion 

N-C4 

N-C, 

(-)3.5 
-0 

(-)3.9 

-10.7d 
-4.3d 
-7.4d 

123 
123 
123 

(-)4.6 
-0 

(-)2.7 

123 
123 
123 

N-C, 

N-C, 
I 
I 

H@ 

a Ref. 96. Ref. 20. Ref. 103. Ref. 104. 

The absolute value of I3J(N-C)ICi, is predicted to be greater than 

Di Blasi and Kopple (128) were unable to resolve vicinal l5NJ3C 
coupling constants in peptide models having lsN-C-C,-CII dihedral 

I3J(N-C>It,,,,. 
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angles constrained to approximately 110” and 160”. They estimated 
3J(N-C) < 1 Hz for these dihedral angles. For 4 = 160°, equation (1 1) 
predicts a value of - - 1.7 Hz. 

In a number of saturated amides, Lichter et al. (101) also failed to 
observe any vicinal 15N-C coupling constants. 

However, 3J(N-C) values are observed for 1 -propylamine, 
quinuclidine and their hydrochlorides. (94) In saturated amines it is 
unlikely that it will be possible to describe calculated 3J(N-C) values in 
terms of simple “Karplus-type” equations. Other factors, such as the 
orientation of the nitrogen lone-pair (important for 3J(N-H)), will 
undoubtedly be important. (124) 

Recent 3J(P-C) data indicate that this coupling may not depend on 
the dihedral angle in a simple “Karplus” manner. (129) 

2.  Unsaturated fragments 
In oximes 3J(N-C) depends on the orientation of the nitrogen lone- 

pair. (104) For example, in (211 and [22l the coupled nuclei are trans to 
1.1 

[211 [221 

each other but the 3J(N-C) values differ by a factor of two. In the 1,2,4- 
triazine derivatives [231 and [241, 3J(N-C) is small. (1 14) The coupled 

1231 “I 
N and C nuclei in [221 and [241 have the same relative orientation. 
However, the very different values observed for 3J(N-C) suggest that 
factors other than lone-pair orientation are important in these systems. 

D. “J(N-C), n L 4 
These are generally less than 1 Hz. An exception is the value of k3 -9  

Hz observed for the proximate CH, and I5N in the 1,2,4-triazine 
derivative [231. (1 14) 
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VI. 0-C COUPLING CONSTANTS 
The 1 7 0  nucleus (natural abundance 0.037%) has spin 5/2, and a 

negative gyromagnetic ratio. The only reported "0-C coupling 
constant is the one estimated for acetone-170, where lJ(170-C) N 22 
Hz. INDO-FPT calculations predict lJ(l'0-C) = + 17-7 Hz ('K(0-C) 
= -43-2 x lozo cm-,). (23) 

VII. F-C COUPLING CONSTANTS 
A. Introduction 

These coupling constants are generally quite large and relatively easy 
to measure. A good discussion of "J(F-C) is given by Stothers. (1) The 
present account will be less comprehensive than that given for "J(C-C) 
and "J(N-C). 

Most values of 'J(F-C) fall between -158 Hz, observed for 
methylfluoride, and -369 Hz observed for FCHO. (130) Calculations 
by Blizzard and Santry (16, 17) predict substantial orbital and spin- 
dipolar contributions to 'J(F-C). 

ZJ(F-C) is generally positive and can be as large as 100 Hz. (13 1) The 
only negative value reported is for ethylfluoride, (132) but it is not clear 
if and how the sign was determined. The value reported in n- 
hexylfluoride is +19.9 Hz. (133) Table XI1 lists values where the signs 
have been determined. 

The value of ,J(F-C) is generally less than 20 Hz in magnitude. 
Unfortunately, signs have been reported for only a few 3J(F-C) values. 

B. Recent literature in which "J(F-C) values are reported 
Sojka and co-workers (141) report 'J(F-C) for a number of 

substituted trifluoromethanes. 
"J(F-C) values in a number of glycosyl fluorides are given by Bock 

and Pedersen. (142) The absolute value of 'J(F-C) values in the a- 
pyranosyl fluorides (fluorine atom axial I251 are generally 10 Hz larger 
than the values in the corresponding P-pyranosyl fluorides (fluorine 
atom equatorial [261. For example, for R, = R, = R, = H, 'J(F-C), is 

I251 I261 
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T A B L E  XI1 

Some examples of observed 'J(F-C) data 

Compound 2J(F-C) Reference 

'>C=C / F  

Br 'Br 

F6 \ ,c=c / F  
Fl  '\CH,CH,Br 

CI,CFCCI,F 

F, Fs H H 

Br-C,-C,-C,-C ,-Br 

F, CI H H 

I l l l  
I l l 1  

CF,CH,CH,CF, 
n-hexylfluoride 

F 

9 = O  F 

103.2 

54.5 

37.0 

102.5 

35.8 

17 
53 

21 .0  

34.9 

21 
30 
35 

30.9 
19.9 

24.7 
24.7 

131 

134 

134 

135 

135 

136 
136 

133 

137 

138 

139 
133 

I40 
140 

-222.2 Hz and 'J(F-C) is 21 1 .3  Hz. Analogous results are obtained 
for 'J(C,-H) values. (843)The *J(F-CJ values in the a- and /3- 
pyranosyl fluorides are approximately +25 Hz and +35 to +40 Hz 
when the substitutent at C, is equatorial and axial, respectively. The 
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,J(F-C,) values in the P-pyranosyl fluorides are 4-10 Hz, while in the a- 
derivatives they are 0-6 Hz. In the latter the fluorine and C, atoms have 
a gauche orientation, while in the former they are ?runs oriented. On the 
basis of the results obtained for other three-bond coupling constants in 
saturated systems, one would expect 3J(F-C) to depend on dihedral 
angle. However, keeping in mind the results discussed for ,J(C-C) and 
,J(N-C), and the results discussed by Stothers, (1) it is unlikely that one 
will be able to describe this dependence by a simple "Karplus" equation. 

flJ(F-C) values have been reported for some nucleoside derivatives 
where the sugar moiety is fluorinated. (144) 

For l-bromo-3,3,4-trifluorobutene-4 [271, Hinton and Jaques (136) 

[271 

observe 'J(F,C) to be +17 Hz while 2J(Ff-C) is +53 Hz. It is 
interesting to compare these results with those obtained for 'J(C-H) in 
vinyl chloride [281. In this case, *J(C-H,) is -7.9 Hz while 'J(C-H,) is 

+7.5 Hz. (145, 146) Thus in both 1271 and 1281, 'J(C-X,) > 2J(C-X,) 
where X is trans or cis to an electronegative substituent which is bonded 
to 13C (i.e. F, in [271 and C1 in [281. 

Adcock et al. (147) report "J(F-C) values in several fluoro- 
benzocycloalkenes. The value of ,J(F-C), involving the aliphatic 
carbon, is strongly dependent on the fused ring size. Some results for 
3J(F-C) and 4J(F-C) in these compounds are illustrated in [291, [301, 

1'66 

q;;3 F 
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[31], and [321. The latter two compounds are examples where 4J(F-C) 
along the planar zig-zag path is greater than 3J(F-C),is. 

p 
F 

[ 3  11 

F 

1321 

Substituent effects on "J(F-C) values in fluorobenzenes have been 
discussed by a number of authors. (133, 148-153) The coupling 
constants in fluorobenzene are reported to be 'J(F-C) = -245.2 Hz, 
,J(F-C) = +21.0 Hz, 3J(F-C) = +7.8 Hz and 4J(F-C) = +3.2 Hz. 
(133, 148, 150) 

Wray and Lincoln (151) have carried out a complete analysis of the 
19F, I3C and 'H NMR spectra of 1,3,5-trifluorobenzene. They report 
'J(F-C) as -248.63 Hz, ,J(F-C) as +25.91 Hz, 3J(F-C) as -15.39 
Hz and 4J(F-C) as +4.34 Hz. More recent experiments (154) indicate 
that the sign of 3J(F-C) is positive, as expected on the basis of an 
alternating substituent effect. (82, 146) For example, in [331 an 

F 

[331 

electronegative substituent at C, should lead to an increase in 3J(F-C ,) 
relative to the value in fluorobenzene, while an electronegative 
substituent at C, should result in a decrease in 3J(F-C),. (82) In 1,3- 
difluorobenzene, 3J(F-C3) 1 12.1 Hz (146) while in 1,2-difluorobenzene 
3J(F,-C3) is 0.53 Hz. (152) 

This latter result was obtained by Ernst and co-workers (152) and 
illustrates the necessity for complete analyses of both the I3C and 13C- 
satellite spectra. 3J(F,-C3) was estimated as -3.0 Hz in an earlier study. 
(146) 

Fluorine-carbon coupling constants, measured for 2-, 3-, and 
4-fluoropyridine and pyridinium ions, ( 155) have been compared with 
values calculated assuming only the Fermi contact mechanism. Many of 
the experimental trends are paralleled by those for "J(C-H) values 
observed in pyridine and fluorobenzene. The INDO calculations 
qualitatively reproduce the experimental trends. 
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In 2-fluoropyridine, ‘J(F-C) is -236.3 Hz, more positive than the 
‘J(F-C) values of -255.1 and -261.8 Hz observed in 3- and 4- 
fluoropyridine, respectively. Protonation induces an increase in the 
absolute value of ’J(F-C) in 2- and 4-fluoropyridine, while that of 3- 
fluoropyridine is unaffected. 

2J(F-C) values show considerable variation. For example, in 2- 
fluoropyridine ,J(F,-C,) is 37.6 Hz while in 3-fluoropyridine 2J(F,-C,) 
is 22.6 Hz. A similar trend is observed in pyridine (156) where ’J(C,- 
H3) is -5.4 Hz less than 2J(C,-H,). On protonation ,J(F,-C3) 
decreases by 13-2 Hz while 2J(F3-C,) increases by 12.1 Hz. 

In 2-fluoropyridine, 3J(F,-C6) is 14.9 Hz compared to a value of 7.5 
Hz for 3J(F2-C,). Similarly 3J(C,-H6) is much larger than other 3J(C- 
H) values in pyridine. (1 56) 

In 2-fluoropurine I341, (157) where the C, carbon is adjacent to two 

[341 . 

“pyridine-type” nitrogens, ‘J(F-C) is -207.5 Hz, approximately 30Hz 
more positive than the value obtained in 2-fluoropyridine. The values of 
the ,J(F-C) across N, and N, are 15.9 and 17.1 Hz, respectively, and 
are the largest 3J(F-C) values reported in “aromatic systems”. 

The “J(F-C) values in 1-fluoro and in 2-fluoro-naphthalene have been 
measured by Ernst (1  58) and by Doddrell et al. (153) Although their 
values for 1-fluoronaphthalene agree, there are a number of discrepan- 
cies concerning the assignment of the various carbon resonances in 2- 
fluoronaphthalene. 

Doddrell et al. (153) have reported an extensive study of “J(F-C) 
values for a large number of fluorinated and trifluorinated aromatic 
compounds. Included are data on ortho-, meta- and para-fluorostyrene, 
fluoro- and trifluoromethyl-substituted naphthalenes, 2- and 3-fl1.10~- 
substituted pyridine, and on a number of fluoroquinolines. Observations 
on the fluoronaphthalenes, pyridines and quinolines are compared with 
calculations using the INDO procedure (Fermi contact contribution 
only). The authors point out that the neglect of the orbital and spin- 
dipolar mechanisms is only part of the reason for the rather poor 
agreement found between observed and calculated geminal and long- 
range J(F-C) values. A valence-bond formulation has been applied to 
the rationalization of values of ,J(F-C) and 3J(F-C). It is possible to 
relate ,J(F-C) and 3J(F-C) to various F-H coupling constants under 
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conditions of perfect pairing. For 1-fluoronaphthalene [351 the authors 
suggest that a combination of conformation, substituent and bond order 

F 

1351 

must be responsible for the three different values observed for 3J(F-C). 
The ,J(F-C) values in 1-fluoronaphthalene can be compared with the 
values in 1-fluoropyrene [361. (159) 

4.69 - F  

[361 

In 2-trifluoromethyInaphthalene, ,J(F-C ,) is 4.5 Hz, and ,J(F-C,) is 
3 .2  Hz. (153) INDO calculated n-bond orders of 0.765 and 0.516 for 
C,-C, and C,-C,, respectively, suggest that this difference is at least 
partly responsible for the difference in the observed 3J(F-C) values. 

In trifluoromethyl benzene, 3J(F-C) is 3.9 Hz, 4J(F-C) is 0 Hz, and 
5J(F-C) is 1.3 Hz. Doddrell et al. have suggested a cancellation of u 
and II contributions, leading to the small value for 4J(F-C). 

5J(F-C) values between the proximate carbon and fluorine nuclei in 
five different 4-methyl-5-fluorophenanthrenes derivatives [3  71 are almost 

1371 

exactly twice the magnitude of the corresponding 6J(F-CH,) values. 
(160) Jerome and Servis have suggested that this observation implies 
that fluorine-methyl hydrogen coupling may result from interactions 
centred on the fluorine and methyl carbon atoms rather than on the 
fluorine and hydrogen nuclei. This suggestion is substantiated to some 
extent by recent INDO-MO calculations. (16 1) 
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VIII. PERIODIC TRENDS AND CONCLUSIONS 
Calculated values (Fermi contact contribution only) of 'K(C-X) in a 

number of aliphatic methyl-X compounds are given in Table XIII. (23) 
As X increases in atomic number from 3 (Li) to 9 (F), 'K(C-X) 
increases, reaching a maximum for X = CH,, and then rapidly 
decreases and becomes negative for X = OH and X = F. The 
experimental results discussed in this review qualitatively verify these 
predictions. 

T A B L E  XI11 
Some calculated values of ' J ( C - X )  and ' K ( C - X )  

Compound X ' J (  C -X ) H z 'K(C-X) cm-, x 10 .'? 

CH,Li Li 25.6 0.218 
(C H,),Be Be -16.5 0.388 
(CH,)BH, B 5 1 . 1  0,528 

C 41.4 0 ,546  
CH,"NH, N -4.6 0.150 
CH,OH 0 21:4 -0.522 
CH,F F -237.3 -0.835 

As one moves down Group IV, 'K(X-C) increases. (162) Both 
positive and negative 'K(P-C) values are known for trivalent 
phosphorus compounds. (1, 3) Observed values of 'K(Se-C) and 
'K(Te-C) are negative (163, 164) and therefore it is likely that 'K(0-C) 
values will also be negative, as predicted by the INDO calculations. 

Many of the two- and three-bond C-X coupling constants discussed 
here display trends analogous to the corresponding J(X-H) values. For 
example, the *K(A-B) values in [381 generally appear to be large and 
positive. 

0 
II 

[381 

Almost all measured 3K(C-X) values are positive. In saturated 
fragments, this coupling also appears to depend on the dihedral angle. 
However, as X increases in atomic number the angular dependence of 
3K(C-X) becomes more difficult to predict. It appears that subtle 
changes in conformation and electronic structure can result in marked 
changes in 3K(C-X) where X # H. 
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Clearly, more calculations and experimental data with signs are 
required before the potential of “J(C-X) values as a probe of the details 
of molecular structure is fully realized. 
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Note added in proof 

Some references to recent papers in which C-C, N-C and F-C 
coupling constants are discussed are (1 65-1 70), (1 7 1- 176) and (1 77) 
respectively. 
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