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INTRODUCTION 

Nuclear magnetic resonance spectroscopy has under

gone many improvements in the past thirty years since 

the first detection of NMR-signals. The literature in 

the field contains thousands of publications, which 

handle theoretical, instrumental and experimental aspects. 

Up to the present time it has been possi�le Lu improve 

the instruments from many points of view, such as high 

resolution magnets, field-to-frequency lock systems and 

signal averaging computers. Superconducting magnets, 

various double resonance techniques and pulsed Fourier 

transform NMR have been developed. 

An important parameter in NMR-spectroscopy is the 

chemical shift, which depends on the frequency of the 

magnet. The proton chemical shifts are relati�ely un

sensitive to changes in the environment. As a result 

many resonances in the 
1
H NMR spectra of complex molecules 

overlap extensively rendering the evaluation of chemical 

shifts and coupling constants difficult. Possible means 

to achieve a spectral simplification are solvent-induced 

shifts, spin decoupling, isotopic substitution and 

higher frequency. One alternative to the above is to 

run the spectrum of the sample in the presence of a 
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paramagnetic sh ft reagent. The use of paramagnetic 

species as a shift reagent depends on its ab ity to 

associate with the molecule under stu nd thereby 

bring the mo ecule under the influence of a strong local 

magnetic field. Thus, the role of an efficient shift 

reagent is to increase the chemical shifts between 

different nuclei without remarkably affecting coupling 

onstants and broadening the lines. In favourable cases 

a complicated spectrum can be turned into a simple one 

which can be solved with first-order analysis. A good 

example of the action of the shift reagent is an 

application to the 
1

H NMR-spectrum of cis-4-tert-butyl

cyclohexanol .2 Without shift reagent one can identify

only two proton signals. By addition consecutively 

Eu (DPM)3-reagent (tris(2,2,6,6-tetramethyl-3,5-hepta

dione)europium(III)J up to the molar ratio 0.8 (shift 

reagent to substrate) one gets a first order spectrum 

and can analyze all eight signals from the spin-spin 

splittings.2 Shift reagent techniques have been applied

to the spectroscopy of nthPr nuclei, such as 14N 
13

c.

19F and 31p_
3-5 

However, these nuclei resonate in a

considerably wider chemical shift area than the protons. 

The main attention is thus directed to the use of chemical 

shift reagent in the 1H NMR spectroscopy.

The effects of paramagnetism on NMR-spectra have 

been studied from the beginning of NMR spectroscopy, 

but the first detailed reports are from the year 1960. 
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In the first publication Jackson et al. showed, that the 

adding of paramagnetic cobalt(II)-ion to the known aqueous 

diamagnetic salts caused a clear division into two signals 

in the 170 resonance NMR-spectra. 7 The other line comes

from the water of hydration of the diamagnetic ion and 

the other from the solvent water. But the real step 

forward was achieved 1969, when Hinckley reported a 

study done with the dipyridine adduct of Eu(DPM)
3
, the 

influence of which he studied on the 1H NMR spectrum

of cholesterol. 1 The proton signals shifted to lower

field without noticeable broadening of signals. Early 

1970 Sanders and Williams reported that unsolvated 

Eu(DPM)
3 

was better as a shift reagent, v1hile the absence 

of pyridine will eliminate the competition of the ligands.8

Lanthanide Shift Reagent (LSR), in which some of 

the ligand hydrogens are substituted with tluors, for 

instance Eu(F0□)
3 

(F0D = l,l,l,2,2, 3 ,3-heptafluoro-7,7-

dimethyl-4,6-octanedione), gives shift effects with very 

weakly binding substrate molecules like thiols. 9• lO The

number of compounds that are suitable for LSR-studies 

is very high: alcohols, ketones, esters, ethers, amines, 

aldehydes, ketals, epoxides, nitriles, sulfoxides, thio

carbamates, phosphates etc. 

The popularity of LS -reagent is based on four 

properties. Firstly, the extremely short electron spin 

relaxation time of the lanthanide-ion causes sharp reso

nance lines in the spectrum (except Gd 3+). 11 Secondly
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triposit ve Ln-ion B-diketonate complex (lanthanides = Ln) is 

coordinati unsaturated and so readi forms ab le adducts 

w th Lewis base substra e I , l 2 Thi d y, w th some 

excep ons, the exchange r ction of sub trate rnolecul 

that are fre in solution w th those molecules tha ar 

bound w th R is very fa t n NMR-time cal at room 
1 3 temperature. Thus the resultant shift of NMR-signal 

c n be controlled by changing the concentrations of LSR 

and substrate. The signals c n be shifted either to 

higher or lower field choosing a suitable ant hanide-

ion. Usually the sig als of the protons and of the 

other nuclei too move to lower field with LSR that 

contains Eu, Er, Tm or Yb. On the other hand Pr, Nd, 

Tb, Dy and Ho move them to higher field.14• 15 The two

last-named properties, fast exchange reaction and the 

direction of the shift effects give an opportunity to 

minimize the overlapping of the signals by choosing 

carefully the concentrations of LSR and the substrate 

Shift reagents have been used for many different 

purposes. In a study by Liu spin-spin coupling constants 

were resolved from samples with LSR whereas without LSR 

they were not observed. 16 The chemical shifts have also

been estimated by exrapolating the observed shifts to 

zero concentration of LSR. 17 Dynamic processes like

internal inversion of cyclohexane skeletoJ�and the 

internal rotation of dimethylamides have been examined 

in the presence of LSR.21 Ho first applied LS-reagent 
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to measure the mean molecular weight of polymers in 

solution.
19 

Whitesides and Lewis in 1970 applied optically 

active Ln
3+

-camphor complexes to determine the enantio-

meric purity of optically active substrates.
20 

Fi n al ly, 

the most challenging LSR application is the determination 

of structures in solution. This method depends on the 

dipolar interaction between unpaired electrons and the 

nucleus which causes so-called dipolar or pseudocontact 

shift (PC). PC is directly proportional to the position 

of the nucleus in relation to the main axis of the para

magnetic susceptibility tensor.
22 

During the intervening nine years the stream of 

publications concerned with this area of NMR spectros

copy has grown from a trickle to a great river. During 

this time more than ten reviews have been appeared.
23 

The purpose of the present study is to elucidate 

the structures of some monoterpene alcohols isolated 

from nature, norbornane derivatives and one model compound 

through Eu(DPM)
3 

complexes. In addition, the optical purity 

of enantiomeric mixtures and the thermodynamic properties 

of optically active diaziridines is studied with the aid 

of optically pure Eu(HFBC)
3

. In connection with the 

structure investigations a computer program is constructed 

which determines the best solution for the structure 

of the LSR-substrate complex. 
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Generally, the chemical shift is obtained as the 

sum of many different factors.24-26

+ + ( l) 

o�ia represents the interaction of the local diamagnetic

electronic current at the nucleus N . o�ara is caused

by the non spherical electronic circulations. The term

oNB describes the magnetic fields at the nucleus N , that 
N 

are caused by electronic currents due to neighbouring 

atoms or functional groups. o:c represents the shielding 

effects caused by intramolecular electronic ring currents. 

One of the most important intermolecular effects to the shielding 

is the shi ft 

chapter III.2. 

caused by LSR, which is handled in 

l. The local diamagnetic shielding term, o�ia

The local diamagnetic term describes the isotropic

electron rotation around the nucleus. The rotation is 

prependicular to the stationary field H 0 and causes a 

secondary field H�oc (dia) which is opposite to the

stationary field. The greater the electron density at 

the nucleus the greater will the diamagnetic effect be 

and at the higher field will the resonance exist. 
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2. The local paramagnetic shielding _ _!::_rm, 0�ara

Because 0�ara is dependent on the l 0�1 energy excited 

electronic states the portio� of this term in 1H NMR

is of little importance; the proton does not have low 

energy excited states. 

3. The anisotropic shielding term of _t�e2ll_hbour atom,

0
NB
N 

0�8 describes rotation effects of the local PlPrtrons

around the atoms B which are neighbours of the atom N 

under observation and of interatomic electron currents 

(i.e. currents due to the bonding electrons) between 

atoms B1, B2 ... BN. McConnel and Pople derived a simple

expression 0�8 which is based on the assumption that

these electron currents may be approximated by point 

magnetic dipoles for which the atom magnet susceptibilities 

x� (i = x, y, z) can be defined. For the case in which 

the susceptibility tensor x8 is axially symmetrical,
X y Z 34 i . e . x = x "f x t h e a n i s o t r o p y t e r m c a n b e e x p r e s s e d as 

1 -3 2 
TIN RNB Llx8 (l -3cos 08), where 

TI a 
Na is the number of molecules per unit volume in the sample 

( 2)

and RNB is the distance between nucleus N and dipole B.

6Xg = (x� - x�Y) is the anisotropy of the magnetic suscepti-
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bility of the dipole B. 0
8 

is the angle between the 

symmetryaxis of Band the distance vector NB. 

It is evident from equation 2 that neighbour 

anisotropy term depends only on the nature and geometry 

of B. It is independent of the nature of the observed 

nucleus N. 

4. The ring current term, o�C

The fourth shielding constant o�C is caused by

intramolecular currents. Such effects occur especially 

in aromatic compounds where IT-electrons are free to 

move in the molecule in an orbital which is not associated 

with any single atom. 

III LANTHANIDE SHIFT REAGENTS (LSR) 

l. The structure of the LSR

The first tripositive rare earth 6-diketonate 

complexes were prepared already in 1896.27 Studies on

the chelating tendency with various multidentate ligands 

have shown that rare earth ions can expand their 

coordination beyond six and even up to eight or nine 
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as in The best para-

magnetic shift reagents are at present complexes of tris

S-diketones and tripositive rare earth metal ions. 

The common structure of these lanthanide shift 

reagents is illustrated in Figure l. As mentioned 

above Hinckley in 1969 reported for the first time large 

low field shifts for the protons of cholesterol. 
1 

The 

shift reagent he used was Eu ( DPM) 
3 

• 2 pyridine. However,

unsolvated shift reagent (Eu(DPM)
3

), was very soon found 

to be more effective.
8 

Because the solubility of Eu(DPM)3 to the usual

solvents is relative poor and slow, more soluble shirt 

reagents were developed, e.g. by changing some of the 

hydrogens to fluorine atoms at the sidechain of the 

ligand which very much improved the Lewis acid properties 

of the shift reagent.
9 

Although DPM and FOO complexes 

3+ 3+ 
of Eu and Pr have been the most popular lanthanide 

shift reagents to simplify 
1
H NMR spectra of organic 

molecules numerous other S-diketone complexes have been 

synthesized. Table 1 lists some S-diketones which have 

been used and the common abbreviations for them. 

Eig��§_l· The common structure 

of usual lanthanide shift reagents 

( LSR) • 

3 



Table l. S-Diketones employed in LSR of the type Ln(R-CO-CH-CO-R 1 )3 1-10 and optically active diketones 11-13

See Figure l. 

2 

3 

4 

5 

6 
7 

8 
9 

10 

11 

12 

13 

R 

C(CH3)3

C(CH3)3
C(CH3)3
C(CH3)3
CF3
CF3
n-Cl7 

R' 

n-Cl 7 

C2F7
CF3
CF3
n-C3F7
n-Cl7 

parent diketone 

2,2,6,6-tetramethyl-3,5-heptanedione 
(dipivalomethane) 

l,l,l,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione 

l,l,l,2,2-pentafluoro-6,6-dimethyl-3,5-heptanedione 

l,l,l-trifluoro-5,5-dimethyl-2,4-hexanedione 

1, l, l ,5,5,5-hexafluoro-2,4-pentanedione 

l,l,l,2,2,3,3,7,7,7-decafluoro-4,6-heptanedione 
l,l,l,2,2,3,3,7,7,8,8,9,9,9,-tetradecafluoro-4,6-
nonanedione 

l,l,l,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione 
2,4-pentadione (acetyl acetone) 

l,3-diphenyl-1,3-propanedione (dibenzoylmethane)
(+)-3-(2,2,2-trifluoro-l-hydroxymethylene)-camphor 
(+)-3-(2,2,3,3,4,4,4-heptafluoropropyl-l-hydroxy
methylene)-camphor

(+)-3-(l-tert-butyl-l-hydroxymethylene)-camphor 

abbreviation 
of diketonate 

DPM, THD, TMHD 

FOO 

PFD 

PTA, FHD 

HFA 

DFHD 
TFN 

FHD 
ACAC 

DBM 
TFC,FACAM 

HFBC 

t-BHMC

refe
rence 

l, 8 

9, 29 

30 
30,31 

32 
32 
33 

l 0
35, 36 

36
37,39

38,40

20 ,39 

0 



ll 

2. Lanthanide induced shifts (LIS)

The chemical shift change caused by addition of a 

paramagnetic species can be divided into three terms.41-43

+ + oDC' where ( 3) 

0LIS lanthanide induced shift (LIS) 

0PC pseudocontact shift (PC) 

°FC Fermi contact shift ( FC) 

0Dc diamagnetic shift (DC) 

The first two terms 6pc and oFC will be discussed

in the next two chapters. The complex formation shift 

oDC (diamagnetic contribution) has been observed to be

negligible. 42-44 An estimate of the magnitude of DC can
3+ be obtuined by meusuring the LIS produced by La - or 

3+ . 42 44Lu -shift reagents. ' 

Contact or direct nucleus-spin electron-spin 

interaction requires the presence of finite paired 

electron-spin density at the site of the resonating 
45 nucleus. This can occur either by direct delocalization 

or by spin polarization. Both IT and o bonds can take 
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. h' 46 part 1n t 1s process. This term decreases quickly in

the consecutive bonds. 47

..9_BSl_S+ll 
-3 k T

, were 

Ye the magnetogyric ratio of the electron 

YN the magnetogyric ratio of the nucleus 

( 4) 

g the spectroscopic splitting constant of the para-

magnetic species 

S total electron spin 

B Bohr magneton 

k Boltzmann constant 

T thermodynamical temperature 

a. isotropic hyperfine coupling constant (interaction
l 

constant)

It has been observed that contact shift is especially 
• t t • 13

c 
14N 31P d 19F h • l h'ft d1mpor an 1n , , an c em1ca s 1 s cause 

by LSR. 4 • 6 • 48 There is evidence that LSR could induce a 

contact contribution to the 1H-shifts, too.49

Elucidation of the portion of contact interaction 

oFC in the effects caused by LSR has been studied by

many different methods.50

The method used in the present study is based on 

the assumption that for the protons which are more than 

three bonds away from the lanthanide-ion the contact 

effects are so little that they need not be taken into 

consideration. The geometry which gives the best 
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agreement for the calculated PC-shifts and experimental 

1H shifts except those near the coordination site is

used to calculate oFC for the protons probably influenced 

by the contact effect. The difference between the 

calculated oPC and observed shift for 1H gives the contact 

shift (oFC) for the nucleus in question. This method is

the same as Gansow et al. used to calculate the FC for
13

c using 1H-shifts caused purely by pseudocontact

mechanism.51 In this method there is no need to use

many different shift reagents, to vary the temperature 

or to use experimental susceptibility values for the 

single crystal to get the contact shift contribution 

for the nucleus under study. 

b. Pseudocontact_shift (PC)

Electron-nucleus dipolar interaction is a magnet 

field phenomen which influences through space rather 

than through bonds. This effect causes so called pseudo

contact or dipolar shift (PC).22

The pseudocontact shift arises from the magnet 

field caused by paramagnetism at the site of the nucleus. 

The magnitude of PC can be exposed by Ri, 0i and

molecular magnetic susceptibilities x ,  x , and x for 
X y Z 

the case where l/Tm << (ZAE). (ZAE) is the Zeeman

anisotropy energy and Tm is the correlation time for
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thumbling in solution.52 The fractional change in the

nuclear frequency is 

tw 3cos2 0. - l 
l D7 <------,,-

R� 

sin2 0.cos2 cjJ. 
l l > + D2 < ------- >

R� 
( 5) 

where D
1 

and o2 are functions of the magnetic anisotropy

of the complex. 

Figure 2. 

For definitions of Ri, 0. and cjJ. see
7 7 

constant 

For the axially symmetric case Xx = Xy i Xz• Xx

Xy = x
.L

and Xz 
term Xx - xy = 0 

Then in equation (5) the

and it becomes

> 

1, ..... �i

c

.,rH"

·

l 

I !P ! R 0 I i 

/\i�ln x 
\I 

�fg���-�- Coordinate system for calculating dipolar 

shifts. The main magnetic axis is along the Ln-donor 

bond. 

( 6)
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3. The equilibrium and chemical shift

a. Lanthanide_shift_reagents

In solutions of lanthanide shift reagent L and 

substrate S different dynamic equilibrium reactions 

can occur. 

NOTE : Lanthanide shift reagent is denoted only in this 

chapter also by L, otherwise only by LSR. 

L + s - LS [Ls] I [ L](s] KBl ( 7) -

LS + s - LS2 [Ls2] / [ Ls][ s] = KB 2 ( 8) ....... 

L + L __,. Lz [ L 2l I [ L ) 2 KB3 ( 9)-

Lz + s � L2S [ L 2 s] ; [ L 2][ s] KB4
( l O )

In the present study equ�tion ( 7) is applied 

because the results in diluted CC1
4

-solutions indicate

[ ] [ ] 
. 55-57 that Eu(DPM)3-alcohol complex ( L : S = l:l) dominates. 

Electronic spectra and molecular weight studies support 

the statement that Ln(DPM)3 reagents form mainly l:l adducts 

es pee i ally i n d i l u t e CC l 4 sol u t i ons w i t h al coho l s and l e s s

basic substrates. 58 Complexes [L] : [s] l :2 appear especially

in cases were ligands are fluorinated e.g. with Ln(FOD)3-salts:9 

The chemical shift of the substrate nucleus can 

be calculated as weighed average over all magnetic environments 

where the substrate appears if the concentrations of the 

different complexes are known. If the reaction (equation (7)) 
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is fast on the NMR time scale then there will be a single 

resonance centered at 13 

00BS ( 11) 

where x5 and xLS are molar fractions of free substrate and 

substrate bond to L. o5 is the chemical shift of free

substrate and oLS is the chemical shift of l:l complex

( LSR:substrate). Because x5 = l - xLS the induced chemical 

shift o may be defined as 

8 00BS - 0S ( l 2)

where l'IB is the chemical shift for the LS complex relative

to the chemical shift for free S. 

Experimentally the observation of a single resonance 

whose chemical shift varies linearly with the fraction of 

substrate present as complex is direct evidence that fast

exchange limit is valid. 

The present study employs a method where the amount 

of the LSR L
0 

is varied at constant S
0

. This makes a complete 

study at low substrate concentrations possible. 

For the case where [s
0

] « [ L
0

] ( [s
0

] and [ L
0

] are 

the initial concentrations of LSR and substrate) it can be 

derived from the equation ( 1 2) that 13

8 where di is a constant ( 1 3) 

In calculating the relative DLn-values (equation ( 14)) 

for protons in the substrate molecule a method discovered by Paasivirta 
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is used.17 First the coefficient d. (in equation (13)) is
l 

determined by regression analysis of experimental data 

for each proton. The the different Dln-values are calculated 

by dividing each d. by the d of the a-proton (in relation 
l a 

to OH-group). 

DL n 
d. 

1 
• l 00

da
( 14) 

The relative shifts are independent of the substrate 

concentration as quoted by Horrocks. 15 The impurities,

which can bind the LSR, are in many cases a disturbing 

factor, when determining the magnitude of the shift, for 

instance by using bound shifts (68). 13 In the present

method impurities do not affect the Dln-values. Different 

shifts caused by LSR can be compared easily if relative 

shifts like DLn values are usPd. 

b. Optically_active_lanthanideMshift_reagents

The diastereomers can be formed by covalent bonds 

or by coulombic forces between anion and cation or sometimes 

even by hydrogen bonds. 60• 61 A pair of enantiomers can

react with an optically active reagent to form two diastereo

meric complexes which usually differ from each other in 

all physical and chemical charasteristic features. 

Optically active lanthanide shift reagent (LSR*) forms 

with the enantiomer pair diastereomeric pairs of associates 

as illustrated in Figure 3 on page 19 where 1 :1 
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association of (RS)-enantiomer pair ((R) and (S) are the 

optical antipodes) of a nitrosamine and LSR* complex is 

shown.62 Association with LSR* can cause the enantiomeric

protons of the nitrosamine to have inequal chemical shifts: 

( l 5)

( l 6 )

x S(RS\ is the molar fraction of the substrate

x L "'S (R ) i 5 t h e m o l a r f r a c t i o n o f o n e d i a s t e re o m e r i c p a i r

L* denotes LSR* in this chapter 

6S(�S) is the cher,1ical shift of the racemic mixture (substrate)

oL*S(R) is the chemical shift of one diastereomeric pair

For the systems studied at present, only one 

splitting of the substrate resonances is observed, if 

there is no process which could convert each enantiomer 

to the other, i.e. (R)--:._ (S) enantiomerization does not 

occur or the enantiomerization is slow enough for the 

NMR measurement. 

The relative intensities of the corresponding 

NMR signals of the two enantiomers give a direct measure 

of the ( R)/( S) ratio. Consequently, no preparative 

separation of the enantiomers from each other is needed 

f d t • t· f t· l ·t p 63or e erm1na ion o op 1ca pur1 y 
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H5C6CH
'A
H,., r,•�at. H5C6C

�B l'u�_e

(Hf-BC)3Eu +/rJ-p
O= Cl 

k
(R) 

?-(R)

""IJ "" 

/-? 
(HFBC)3Eu---O=rJ C l 

(+) (R) (+)-·(R) 

(+) 

kHk-1

�
C3F7 

? O--Eu/3 k•H-• 

(+l-(HFBC)3Eu

(s) (+)--(s) 

�!9�C�-�- Association equilibrium of both enantiomers

of a (RS)-nitrosamine with (+)-Eu(HFBC)3 as optically

active shift reagent.62

4. The dependence of the induced shifts on the geo-

metric factors

One of the most important uses of chemical shift 

reagents is the application of the dipolar equation to 



2 0 

determine the structural parameters of the complexes 
44, 53

formed by lanthanide shift reagents and substrates. 

There exist few other methods which could give such 

detailed structural information in solution. 

The chemical shift caused by an anisotropic 

magnetic field of LSR can be calculated explicitly using 

equation ( 5 ). The second term can be neglected despite 

the fact that the X-ray measurement results from solid 

LSR-substrate samples usually indicate the existence of 

nonaxial symmetry. Namely, the rotation about the bond 

of lanthanide-donor in solution is sufficiently fast 

compared with 66. Consequently, the effective field at

the nucleus averages axial symmetry. 53• 54 The complex

itself may actually have higher symmetry in solution 

than in the solid state.53 The true axially symmetric

case has not been directly proven in solution but there 

are many examples where effectively axial symmetry is 

achieved for lanthanide shift reagent-substrate 

complex. 3, 1 5 , 4 4

o1(3cos2 0
1
• - 1)/R� + D

2
(sin2 0-cos2 cp.)/R� 

l l l l 
( 5 ) 

For notations of D1, D
2
, 0i, Ri and cpi see chapter III . 2 .b.

The fast internal rotation around the lanthanide

donor bond causes the second term to become zero. 

T h e r e fo re, e q u a t i o n ( 5 ) b e c o me s s i m p l e r : 

30. - 1)/R.
l l 

( 6 ) 
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Equation (28) can be used to solve the geometric para

meters in the following conditions: 

l. The observed shifts are purely dipolar in origin.

2. Only one shift reagent-sub�trate complex (l :l)

dominates. The substrate and LSR are in fast dynamic 

equilibrium. 

3. An effectively magnetic axial symmetry appears in

the complex resulting in the fact that the shifts depend 

only on geometric factors, at least for this type of 

compounds investigated in this study. 

There have been some attempts to apply the full 

equation (27) to the structure determination but the 

success is limited only to pyridine and related 

compounds. 6 4, 65 

5 . Study of_the_intramolecular dynamic_equilibria_by 

o tically active lanthanide shift reagents

Enantiomeric internal processes can be studied 

with NMR either when the molecule has diastereotopic 

groups or when an optically active auxiliary compound 

is added. The latter treatment leads to diastereomeric 

associates, which have in each case unequal chemical 

shifts In this case the enantiomerization by intra-

molecular processes can be followed provided that the 

lifetime of the enantiomers is large enough for the NMR-
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measurement. The difference between the shifts depends 

to a great extent on the temperature of the measurements. 

When the temperature rises the enantiomerization becomes 

faster, original singlets of isomers broaden, coalesce 

and form one peak with narrowing linewidth. For different 

temperatures k-values (rate constants) can be determined 

by complete lineshape analysis66 or calculated by different 

approximations from NMR theory. 67

In many cases, however, the coalescence temperature 

is too high to be measured in the presence of the LSR or 

the lifetimes are too long at lower temperatures. Then 

one could monitor the racemization from a solution of 

enriched enantiomer. At the proper temperature samples 

are taken during a period, say 1.5 halflives, at certain 

time intervals and analyzed by NMR after addition of a 

suita ble optically active auxiliary reagent. The relative 

intensities of the NMR signals of enantiomers are 

measured. 

The kinetic intramolecular motion can be calculated 
+ 

from the results. The Gibbs energy of activation llG+ 

is calculated from the Eyring-equation (17) 

2.3026 RT (log kT - log k1(T)), where
h 

T temperature 

� rate constant 

h Plank constant 

( 17)



k Boltzmann constant 

R gas constant 
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The same kinetics can normally be satisfactorily 

obtained by polarimetry. The r., resent procedure mi g h t be 

useful in monitoring racemizations. 

IV COMPUTER PROGRAM FOR THE STRUCTURE DETERMINATION 

OF THE LANTHANIDE SHIFT REAGENT-SUBSTRATE COMPLEX 

For the computer program LASHIFT made for the 

present study following assumptions were made; 

l. The chemical shift caused in NMR by the parametric

lanthanide-ion is pseudocontact (dipolar) in origin 

except for the protons near the coordination site. 

2. The complex formed is l:l (substrate: lanthanide

shift reagent). 

3. The main magnetic axis is along the L-O bond.

4. The formed complex is "static" in the sense that

the lanthanide approaches the substrate molecule on 

average from the same direction. 

To use the pseudocontact equation ( 6) one has to 

know the distance Ri between the paramagnetic nucleus

Ln and the nucleus N under observation and the angle 0.
7 

between the vector R. and the main magnetic axis. (For 
7 

definitions see Fig. 2, p. 14). They can be calculated from 

the cartesian coordinates of the protons and the hetero-
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atom in the substrate molecule, the coordinates of the 

lanthanide and the relative Dln-values. The program 

calculates also the angle between the main magnetic 

axis and the vector heteroatom - the carbon atom to 

which it is bonded (P) and the distance Ln-heteroatom (r). 

R esults between calculated ( called in program 

"estimated") and observed relative shifts are controlled 

by standard errors ( b). 

V MA TERIALS AND METHODS 

l. For structure determination by �_l!_(DP_t-1l3

The Figure 4. lists the compounds for which the

spatial structures were determined in the Eu(DPM)3-

substrate complex. 

N orcamphor·5-exo-6-exo -d2 (I) was prepared by the

catalytic deuterization of dehydronorcamphor.68 The

structure of the compound was determined by its NMR 

spectra. 

was 

The 5,5-dimethyl-6-methylenenorbornan-2-exo-ol (ID 

isolated from Crysanthemum vulgare (LJ Bernh.69

The alcohol was purified by gas chromatography and led 

from the outlet of the column directly into a solution 

of carbon tetrachloride. The structure of the compound 

was determined by its IR and NMR spectra. 
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(-)-Myrtenol (III) was isola ted from  the essential 

o il o f  V aleriana Of f icinalis (L).70 The alco hol was purified

D 

6n 

I I I 

5 

10 I I 

OH 

C:19��§-�- (I) norcamphor-5-exo-6-exo-d2, (II) 5,5-dimethyl-

6- methyl enenorbornan-2-exo-ol, (III) (-)-myrtenol ., (IV) 3-

cyc l opentene-1-methanol and (V) 5-norbornene-2- endo -methanol 
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by column chromatography. The structure of the compound 

was determined by its IR and NMR spectra. 

3- Cyclopentene-l-methanol ( IV) was prepared by

LiAlH
4 

reduction of the ester of 3-cyclopentene-l

carboxylic acid. The structure of the compound was 

determined by its IR and NMR spectra.
70 

5-Norbornene-2-endo-methanol (V) is a product of

the Diels-Alder addition of allyl alcohol to cyclopenta

diene. The structure of the compou nd was determined by 

its IR and NMR spectra.
70 

The paramagnetic shift reagent Eu(DPM)3 was prepared 

by the method of Sievers and Rondeau. 9 The compound was

purified by crystallization from n-pentane and stored 

in  a vacuum desiccator over silicagel: m.p. = 189
°

. 

Determination of the relative paramagnetic chemic� 

shifts (DEu-values): 
17 

The 1H-NMR spectrum of the

compound was run without LSR in carbon tetrachloride. 

Then a known amount of Eu(DPM)3 was added to the solution

and the spectrum was run again. The addition of Eu(DPM)
3 

was usually done in 8 to 10 portions. The addition of Eu(DPM)
3 

caused 

a little negative shift in reference TMS compared to pure TMS in CC1
4
. 

The origin of the shift is unknown. The substrate concentration was 

kept as low as possible to avoid the formation of the other than l:l 

complexes (substrate:shift reagent). The chemical shifts of each 

proton were plotted against the added Eu(DPM)3 and the linear part 

of the plot was used in the determination of the coefficients d
i 

(equation 13) by linear regression analysis. For compounds which 

did not have the a-proton the most shifted proton was 
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used as the reference d .. 
l 

The coordinates of the norbornane skeleton for 

the computation were taken from the publication of Willcox 

71 and coworkers. For the other molecule skeletons the 

coordinates were measured from the Dreiding molecular 

models. The carbon oxygen distance in a C-OH group was 

72 73taken to be 1.46 A and in a C=O group 1. 22 A. ' 

Structure analysis of the substrate-lanthanide 

shift reagent complex was performed on a computer program 

LASHIFT using a Honeywell 1642 computer system. It 

operates as follows: The predetermined first point in 

the lanthanide lattice (x  lower limit, y lower limit, 

z lower limit) is taken for first calculation of !f>, 0i,

Ri and r. (See Figure 7, p,39) for each point (i) observed: 

c. 
l 

2 3 (3cos o. - 1)/R. 
l l 

The "best" line for the group of points (i) is 

determined by regression. For each Ci the corresponding 

DEuEstimated is taken from the regression line. The

results including the standard error of the regression 

are stored into the memory. The program automatically 

performs an addition (x addition) determined in advance 

to x lower limit. 

above is repeated. 

After that the procedure described 

If �(DEuOb - DEuE t· ) 2 = c is
S. S l m. 

smaller than in the previous case it is valid and the 

previous result is deleted. Then y addition is added 
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to the y lower limit and the calculations are performed 

again. If the c is now smaller than in the preceding case it 

s stored. The same procedure is done for z lower limit 

and then back to x and so o , until the previously set 

upper limits (x upper l mit, y upper limit, z upper limit) 

are reac ed. When all he points in the lattice have been 

exam ned and the "best" point hase been found the results 

are plotted on the terminal. Next the lattice vectors and 

the steps (x add tion, y addition, z addition) are bisected 

and this new lattice is set around the optimum point ("best" 

point) found in the previous iteration phase and a new 

iteration round takes place. The same procedure, if desired, 

is done simultaneously for the two other lattices, namely 

for the heteroatom and one point in the substrate molecule. 

The iteration continues until the optimum point no longer 

changes noticeably. Then the iteration is broken at the 

terminal. 

The 
1

H-NMR spectra were recorded on a 60 MHz 

Perkin-Elmer Model R 12 B spectrometer in CC1
4 

as solvent. 

The gas chromatograph used was Perkin-Elmer Model 800. 

Melting points were determined on a BUchi "Tottoli" 

ins �rument and are not corrected. 
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2. For enantiomeric __ purity_measurements and_intr_cl_

molecular __ dyn_cl_mics by Eu(_f1£�_(:J3

Liquid chromatography on triacetylcellulose:
74 

The separation of enantiomers was performed by column 

chromatography on swollen microcrystalline triacetyl

cellulose as a sorbent (particle sizes 0.056 to 0.0 71 

mm) and ethanol/H2 o (96:4) as an eluent. The chromato

graphic equipment consisted of two glass columns of

2.5 cm internal diameter and 30 cm length (Serva G.m.b.H., 

Heidelberg), UV analyser LKB 8300 Uvicord II, polari

meter Perkin-Elmer 141, fraction collector LKB 2112 

Redirac, twochannel recorder Servogord 2S (Goerz Electro 

G.m.b.H., Wien), membrane pump ProMinet electronic

(Chemia und Filter G.m.b.H., Heidelberg, pressure 10 

to ll atm). 

Analytical chromatograms were obtained by passing 

a racemate through the system including one or two tri

acetylcellulose columns. Absorbance and angle of rotation 

of the e l u ate were recorded cont i nu o us l y ( see Fi g . 5 , p. 30) . 

For preparative chromatography two equal columns 

were used and the final eluate was divided into different 

parts by means of the fraction collector. The recycling 

procedure was applied by performing several passages of 

the solution through the columns. This was achieved 

with a manual gauge (Dreh-Probenaufgabe-Ventil, Latek 

G.m.b.H., Heidelberg) which, in addition, removed a
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-QJ 

[19�C�-�- Analytical chromatogramm of 5 0 mg of (±)-VI

in ethanol/H2o (96:4) after passage through a triacetyl

cellulose column (cf. text): a: Rotation angle (--) at 

365 nm. measured by flow through a polarimeter. r .
[. .

Extinction (---) at 254 nm. measured by flow through 

a photometer. V: Volume of the eluate (injection at 

V = 0)_74

smaller first part of the solution ("early eluate") from 

the system (cutting), whereas a larger second part was 

led through the other column. 

Determination of enantiomeric purity P: 75 The 

relative intensities of two suitable 1H NMR signals of

the erantiomers in the presence of an optically active 

auxiliary compound served for the measurement of P (Table 

2, p. 45 ). Spectrum copies were repeatedly cut out and 

divided into the two components which were weighed. 

(+)-Tris(3-heptafluorobutyryl-D-camphorato)europium

(III) or (+)-Eu(HFBC)3 was available from Regis Chemical

Co., Morton Grove, Ill., USA. 
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Racemization monitored by 1H NMR: 75 A stoppered

tube (internal diameter l cm) containing the solvent 

(l.5 ml for (-)-benzyl-1,2,3-trimethyldiaziridine (-)

VI) was warmed in the ultrathermostat (Colora U3-S8, 

6T = ± 0.1° ) at the desired temperatures (Table 3, p.46 )

The reaction was started by adding a solution (6 89 mmol 

of (-)-VI in 1.5 ml) of an enriched enantiomer in the 

same solvent. Portions of 0.3 ml were drawn out of the 

solution at suitable time intervals and cooled to o
0
c.

After addition of (+)-Eu(HFBC)3
1H NMR spectra (Fig. 8 and 

9, p. 42) of the 3-Me signals were recorded, cut and 

weighed, as above. 

Racemization monitored by polarimetry: 74 
0.025 M 

solution containing enriched (-)-VI were set into the 

5 cm cell of a Perkin-Elmer 24 1 electronic polarimeter. 

The rate was measured directly by plotting the rotation 

angle versus time (determined by chart speed). The 

temperature (6T = ± 0. 1°) of the thermostated cell was

read at its inlet and outlet, the mean value being taken 

as the actual cell temperature. The evaluation of first 

order rate constants and 6G +-values (Table 3) for both

types of racemization was carried out with the program 76 

KIN 3 using the least squares procedure. The calculations 

were performed on the Siemens TR 440 computer. 

Melting points were determined on a BLlchi SMP 20 

instrument and are not corrected. 1H NMR spectra were

recorded on a Varian T-60 (CW mode, 60 MHz) and a Bruker 
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WH-90 (PFT mode, BK data points, 90 MHz) spectrometer 

in CDC1
3 

unless indicated otherwise. 
13

c NMR spectra 

were recorded in the PFT mode at 22.63 MHz on a Bruker 

WH-90 spectrometer (BK data points). Specific rotations 

were measured by means of a Perkin-Elmer 241 electronic 

polarimeter, CD spectra on a Jasco J-40A instrument at 

22 °c. Low and high re solution mass spectra were obtained 

with a Varian MAT-CHS spectrometer, respectively, operating 

at 70 eV by direct insertion probes. The fractionations 

under reduced pressure were carried out on a Spaltrohr 

column (Fischer, Labor- und Verfahrenstechnik, Bonn-Bad 

Godesberg). 

(±)-3-Benzyl-l,2,3-trimethyldiaziridine (VI) was 

p r e p a r e d fro m b e n z y 1 m e t h y l k e t o n e , m e t h y l a m i n e a n d N -

methyl-hydroxylamine-0-sulfonic acid according to the 

77 
general procedure given by Schmitz and coworkers. 

0 20 
Colorless crystals from n-pentane: m.p. 23-26 C, n

0 

l.5138.

VI 

(±)-1 ,2-Di-(2,2'-phenylethyl)-diaziridine (VII) 

was obtained by condensation of formaldehyde with 2-

phenylethylamine and addition of sodiumhypochlorite 

following the general procedure of Schmitz and coworkers.
77 
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The compound was identified by its NMR spectra. 

(+) and (-)-3-Benzyl-l ,2,3-trimethyldiaziridine 

were obtained from 100 mg of (±)-VI which as eluted through 

two .triacetylcellulose columns at flow rate of 135 ml/h. 

Altogether seven passages took place. The six early 

eluates contained 46 mg of crystalline (+)-VI, [a]!�6 
+85 ± 5 ° (0.350 g/100 ml CC14) P = 59 ± 3 %. The last 

fractions of the final eluate contained 26 mg of crystalline 

(-)-VI, [a]!�6 = -141 ± 4° (0.050 g/100 ml CCl4) P = 97

± 3 %. 

(-)-1 ,2-Di-(2,2'-phenylethyl)-diaziridine was 

obtained from (±)-VII which was eluted through two columns 

at flow rate 135 ml/h. The last fractions of the final 

eluate contained (-)-VII, [a]!�6 = -7.3 ° P = 35 %. 

VI RESULTS AND DISCUSSION 

l. Structural determinations

Tori et al. have studied deuteration products of
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78 a-pinene using Eu(DPM)3 as shift reagent. They used 

the corresponding undeuterated compound to find out in 

which position the deuterium atom stands in the shifted 

NMR spectra. The application of LS-reagent Eu(DPM)3 on

the deuterated product of dehydronorcamphor �ompound 

I, page 25) clearly demonstrates that both deuterium 

atoms stand at the exo positions (carbons 5 and 6) because 

the iteratively computerized structure agrees very well 

with the assumption that the proton chemical shifts 

caused by Eu(DPM)3 are purely dipolar in origin and

that the complex formed is axially symmetric (see Figure 

7p.39).Another possibility that the deuterium atoms could 

be at the endo positions gives a very poor standard 

error. The Eu-0 (r) distance would be too long and the 

angle.Y'too small for a chemically reasonable result. 

The results for norcamphor-5-exo-6-exo-d2 (I) are: Eu-0

distance r = 2.5 A (1 A =  0.1 nm) and the angle !f= 

156 ° . The values are consistent with the result 2-

norbornanon-Eu(DPM)3 complex (r = 2.7 A and ':P= 167 °).79

The linear dependence of the induced chemical shifts 

for norbornane protons on the LSR concentration and the 

iteration result for LSR-substrate complex indicates 

clearly that only one species LS (not LS2 or any other)

dominates. 

The Eu(DPM)3 induced spectra for 5,5-dimethyl-6-

methylene-norbornan-2-exo-ol (II) clearly demonstrate 

the effectiveness of LSR. In the shifted spectra typical 
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spin-spin couplings of the norbornane protons can be 

seen. There still remains, however, uncertainty about 

the configuration of OH on the carbon atom 2. This 

problem can be assessed with tre LASHIFT computer program. 

The results obtained are in clear accordance with other 

structure determinations for secondary alcohols (r 

2 .42 A and !I= 132.8 °). One good example from the 

literature is the structure of hydroxyoxetan-Eu(DPM)3-

complex, in which r = 2 .7 ± 0.4 A.80

An example of the 2-exo-norbornanol configuration 

is isoborneol. For the latter Hawkes et al. obtained 

structurul purumeters in the Eu(roD )3 complex to be r

2 .51 A and Y= 1 2 9.6 °.81 Compound II is also called

nojigiku alcohol82 and it is the first camphene derivative 

which has been isolated from nature.83

Earlier it has been noticed that the contact shift 

mechanism plays an unimportant role in the isotropic 1H

chemical shifts of norbornanol generated by Pr(DPM)3.84

In the present study, however, three Eu(DPM)3-primary

alcohol complexes with noticeable contact mechanism 

contribution to the a-protons were found. The substrates 

were (-)-myrtenol (III), 3-cyclopentene-l-methanol 

(IV) and 5-norbornene-2-endo-methanol (V).70 The method 

used was nearly equal to that by Gansow et al. applied

to the contact shifts of 13
c.

51

The present method is very easy and very rapid to 

use in comparison with the other methods suggested. One 
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method presumes that experimental single crystal 

s us c e pt i Iii l i t i e s have to be known . 5 O Usual 1 y they are

not available for the LSR-substrate system. Another 

method needs shifts induced by Gd 3+
-complexes, which 

50 do no t have ;, s e u doc on tact effect . However , us u a l l y

the broadening of the 1H signals by the relaxation

effects of Gd3+ makes determination of the exact signal 

position impossible. In a third method several different 

shift reagents (with different lanthanide ions) have to 

be used to 1d�tify the contact shift mechanism.50 Thus

we have found that our method is very simple to use and 

gives results comparable with other methods 

0eBoer predicts for a-methyl protons of dirnethylveratrole

Eu(F00)
3 

complex a contact contribution of 3 8 %.50 Similar 

contact effects appeared also for alcohols III and V in 

the present study. The contact shift contribution for 

the a-protons of compound IV apparently is much higher. 

Regrettably, the symmetry of the molecule reduces the 

number of observation points to four, i.e. the structure 

parameters of the complex could not be obtained with the 

same accuracy as for III and V. 

Eu(0PM)3 increases the shift difference between

the diastereotopic SA and 8B protons in 5-norbornene-2-

endo-methanol (V). This means that the protons are not 

geometrically equivalent with regard to the europium 

atom. The result indicates that the conformation Va is 

dominant (See Figure 6). The same inequality was also 
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observed for the diastereotopic a-protons of (-)-myrtenol 

(III), but the shift difference is not as great as in 

the former case. Hence the average values of the a

proton shifts to determine the DEu-value were used. The 

observation is in variance with results of Abraham and 

coworkers for 3-exo-methyl-5-norbornene-2-endo-methan�.ffi 

They did not observe any difference for the DEu-values 

of the diastereotopic a-protons. The difference between 

the contact effect values for Sa and Sb protons of V could 

4 

3n 
3x 5 

l1a -+-7s -- J_ --

6 2X IOH 
81:i 8a 

1 
OH llb 

Va Vb 

[jg�[§_§. The different conformations of 5-norbornene-

2-endo-methanol.

arise from the uncertainty in the determination of the 

coordinates for these protons. A slight change in 

coordinates causes a big difference for estimated Dln

values near the coordination site. The same is true 

also for the diastereotopic a-protons of (-)-myrtenol 

(III). In Figures 4 and 7 both enantiomers of myrtenol 

are drawn because it is unknown which one of them is 

OH 
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(-)-myrtenol. The present method does not give any 

solution to this problem. 

The errors between the observed and estimated DEu 

values in the determination of the lanthanide shift 

reagent substrate complex are partly due to the contact 

shift mechanism. However, the errors in the observed 

DEu values and the coordinates of the protons, except 

near the coordination site, play a minor role in the 

structure determination. 

The computed average structures of Eu(DPM)
3

-

substrate complexes are drawn in Figure 7. 

2. Enrichment of racemic mixtures

In the study of racemic substances there is always 

a problem: the question on the separation of the optical 

antipodes e.g. the enantiomers. I n t h e l i t e r a t u r e m a ny 

different methods to separate optical antipodes are 

given.
63 

Kostyanovskii and his group have obtained 

kinetic enrichments in some cases for diaziridines and 

also high enantiomeric purity via diastereomeric salts 

of 3-carboxy-3-methoxy-carbonyl-l-methyldiaziridine with 

t• l l t. 
• 86an op 1ca y ac 1ve amine. Both approaches, however,

need special functional groups (NH and COOH, respectively) 

in the diaziridine molecule. Because the enrichement of 

enantiomers of the present diaziridines via diastereomeric 
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5.23 
5.62 
7. 17
7.00
8.06
5.76
6.57
7.54
8. 10
4.01
3.78

5.04 
4.70 
6.03 
7.01 
2.69 

Continued on the next page. 

8. 
0 

l 

28.2 
18.7 
30.8 
16.9 
38.2 
43.2 
6.6 

17.8 

24.6 
35.3 
29.5 
35. l
16.7
12.8
6.6

31. 0
16.3
37.3
33. l

28.8 
19.3 
24.6 
11. 9
21. 9
39.6
33.4
9.2

27.0
17.2
22.8

6.6 
30. 1
17.5
29.3
24.3
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proton 
i 

l 
2 x  
3x  
3n 
4 
5 
6 
ls 

la 

sa 

Sb 

DEu 
0bserv Estim Ri A 0. 

0 

l 

41.8 41. 7 5.74 28.3
60.8 60.8 5.73 13.4 
25.9 26.4 7.44 5.3 
37.8 37.4 6.59 13.7 
13. 5 13.3 8.66 1 1.8
15.2 15. 4 7. 13 32.0
27.7 27.7 5.68 37.0 
17.4 18. l 7.89 16.3
14.3 13. 5 8.01 24. l

100.0 130. 6 4. 51 17.0
94.8 130.3 4. 51 17 .4

Computed average structures of the 1:1 complex 

between norcamphor-5-exo-6-exo-d2 (I), 5,5-dimethyl-6-

methylenenorbornan-2-exo-ol (II), (-)-myrtenol (III), 3-

cyclopentenyl-l-methanol (IV), 5-norbornene-2-endo

methanol (V) and Eu{DPM)3 in tel4 solution. For notations

of the protons i see Figure 4, p. 27. The difference 

between the estimated and observed DEu values give the 

contact contributions for the CH2o protons of the mm�unds 

III l0a 100.0-142.0 = -42, l0b -51 and V Sa -30.6, Sb 

3 5.4 relative DEu units respectively. For IV the contact 

contribution is equal for both protons and is approximated 

to -2 96  relative DEu units. 

salts with optically active acids were not possible we 

chose one of the other most useful methods, namely liquid 

chromatography. We used and further developed the 

method discovered by Hesse and Hagel .87 In the method
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optically active triacetylcellulose is used as the 

stationary phase. The socalled recycling technique was 

used. It increases the effective column length without 

increasing the pressure needed. At least some enrichment 

in solution was attained for each diaziridine enantiomer 

hitherto tested by us. Apparently, this is a ve�atile 

technique which does not depend very strongly upon the 

presence or absence of special groups, although mono-
. 87 88substituted benzene ring seems to favour the separation. ' 

Compound (-)-VI could be enriched to 97 ± 3 % 

enantiomeric purity. The enantiomeric purities were 

determined by 1H NMR in the presence of the optically

active auxiliary compound Eu(HFBC)3. There are some

other methods used to determine the enantiomeric purity 

but for instance gas chromatographic methods are not 

suitable because of intramolecular processes in a 

diaziridine molecule at higher temperatures. The use of 

(+)-Eu(HFBC)3 is very versatile and rapid. Two suitable

signals of the enantiomers, the 3-Me signal of (+)- and 

( -) -V I ( Fi g . 8 and 9) were chosen for en anti o me r rat i o 

determination. 

3. p�MR_experiments

The barriers to inversion in diaziridines are of 

interest for the study of substituent and medium effects.89
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I I 
1
1 

r:r 1
1 

1
1 

1 

!-
,00 ,00 

I 

I! 
• I 

EiS�!:§_�. The 1H NMR spectrum of (±)-1, 2 , 3-trimethyl-3-

benzyldiaziridin (VI) after addition of 0. 2 7 equivalents 

of (+)-Eu(HFBC)
3 

in toluen-d8.

I I 

', I 
I 

300 

I 
'7:=1:1.''',' 

200 

I 
• ! 

I 
I,' I i:==r 

IOO 

M� Me 

)v/ 
HsCsH2C � 
! !3. ,gl-VI Me

Eis�!:§_�. The 1H NMR spectrum of (+)-1 , 2 , 3-trimethyl-3-

b en z y l d i a z i r i d i n ( ( + ) -V I ) a ft er add i t i o n of O . 3 5 equiv al €11 ts 

of (+)-Eu(HFBC)
3 

in toluen-d8.
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Particularly, the influence of a complexing auxiliary 

compound upon the barrier in a substrate molecule should 

be tested.90 Such compounds, if optically active, may

be used for the measurement of the relative amount of 

enantiomers 5o, 39 But there is evidence that auxiliary

d d h ff t h b . 62 compoun s o not ave any e ec on t e arr1er or

very little as can be seen from the measurements done 
+

·th l • t 74 S G + l f • w1 po ar1me ry. ome 6 -va ues or 1nvers1on,

measured by NMR of equilibrating of diastereomers, by 
. 89 9 1-9 3NMR signal coalescence, or by polarimetry are known. ' 

However, the true inversion barrier for each particular 

nitrogen atom, tfLan.6-cf.6 process, in a ;t1rnn6-diaziridine 
+ 

molecule could not be given from the overall 6G+ -value 

measured.89

(!R,2R)- VI (lS,2S)- VI 

The intramolecular dynamic equilibrium between 

enantiomeric diaziridines (lR,2R)-VI and (1S,2S)-VI is of the 

first order and the reaction rate constant could be 

determined as a function of time. 75 Calculated for

the tfLanf>-cif> process 6G t 11 5.5 kJ/mol (Table 3.)

which closely agrees with the one obtained by polari
+ 

m e t r y ( 6 G + � 115. 4 k J / m o I ) . T h i s i s i n s a t i s f a c t o r y
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agreement with the value 27.2 ± 0.1 kcal/mol (= 113.9 

kJ/mol c2ci4, 89.9 °c) for an inversion in diastereo-

- d. - .d. 89 mer1c 1az1r1 1ne. Polarimetry and racemization 

monitored by NMR signal intensities are apparently two 

rasemization methods which serve to study intramolecular 

processes. The latter method has not been reported 

earlier in the literature. 

Monitoring of the racemization from 1H NMR signal

intensities in the presence of an optically act ve 

auxiliary compound is laborious. But we think that in 

cases where the angle of rotation is small as for the 
22 compound (-)-VII ([a]436 

= -7.3° and enantiorneric purity 

P = 35 one could achieve more accurate values.75 The
+ 

errors of the 6G + values would be smaller than achieved 

by polarimetry. The present results are collected in 

Table 3. Monitoring the thermal racemization would 

become simpler if it could be carried out in the presence 

of the optically active additive. This was impossible 

for diaziridine VI because it slowly decomposed in the 

presence of europium complex at 89.9° . 

VII SUMMARY 

The structure of the norcamphor-5-exo-6-exo-d2-

Eu(DPM)3 complex was determined. It was possible to

demonstrate that in the deuterization reaction product 



Table 2. Separations by liquid chromatography and properties of enantiomeric diaziridinesVI 

b s m Solvent p ]
22 Pred ominant Number of passages E luates 0 [ Cl 365 

enantiomer used b) Hz % CC14

(+ ) -VI 6 early 2.87 l. 5 59±3 + 151 o

eluates 
7 3-Me 0.27 toluen-dE(-)-VI last frac-

tions of 2.93 l. 5 97±3 - 245° 

final eluate 

a) See e xperimental part.

b) See te xt for different eluates.

o and b: 1H NMR shift x) and linewid th for a signal of the predominant enantiomer in the

presence of (+)-Eu(HFBC ) 3:

S: Signal monitored 

m: Number of equiv alents of optically active au xiliary compound. 

P: E nantiomeric purity, determined from 1H NMR intensities.

x) The a-v alues in the presence of (+)-Eu(HFBC)3 depend strongly upon the ratio mof the reagent to the
substrate.

+> 

(J7 



!��l�_l: R a cemiza tion d a t a of (- )-1 ,2,3-trimethyl-3-benzyl dia zirid in, obta ine d by

simult a neous pol a rimetry and 1H NMR of s ample solutions withdrawn at specific times

a ) 4 k a )
hl Solvent T Method to. 5

10 l\G 
oc (min ) ( s -1 ) ( kJ /mo 1 ) 

(-)-VI toluene 89.9 polarim., 436 nm 56.9 l.01 115.4 ± 0.2 

(-)-VI toluene-d 8 89.9 1H NMR intens_c) 60 l.O 115.5d )

a ) For two cons e cut i v e n i t r o gen i n v er s i ons , i n t er convert i n g the ,t1w M - di a z i r i di n e i n to 

the enantiomeric -t:nanJ-d ia ziri dine via a ciJ-interme dia te.79

b) Corrected for a single nitrogen inversion, converting the -t:nanJ-dia ziri dine into a 

cih-intermedi a te.79

c )  Two 3-Me signa ls, genera te d by subsequent a ddition of 0.27 equiva lents of (+)-Eu(HFBC)3

to ea ch of ll sample solutions. 

d ) Final error rougly estimated to amount to ± 0.6 k J/mol. 
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of dehydrocamphor the deuterium atoms occupy the exo

position on the carbon atoms 5 and 6. Through the 5,5-

dimethyl-6-methylenenorbornan-2-exo-ol-Eu(DPM)3 complex 

it was observed that the contact shift mechanism for 

secondary alcohols in negligible. This was in agreement 

with earlier findings. The shift effect of the secondary 

2n proton fit very well to the McConnell and Robertson 

equation without assuming any contact shift for this 

proton. In contrast, noticeable negative (to higher 

field) contact shift contributions for the a-protons of 

primary alcohols 3-cyclopentene-1-methanol, 5-norbornene-

2-endo-methanol and (-)-myrtenol in the Eu(DPM)3-substrate 

complexes were observed.

An iterative computer program was constructed 

which takes into account affectial axial symmetry in the 

substrate-shift reagent complex. The program is able 

to iterate the coordinates of lanthanide, the atom in 

coordination point and one point under observation. 

The optically active shift reagent Eu(HFBC)3was shONn

to be a very powerful auxiliary compound in determining 

the enantiomeric purity of diaziridines. With the aid 

of (+)-Eu(HFBC)3 the inversion barrier (6G t ) for each

particular nitrogen atom in a trans-diaziridine molecule 

can be determined in enriched diaziridine samples. This 

method was before unknown and it is comparable in many 

respects with the polarimetric method. However, this 

method is not as exact as polarimetry but for compounds 
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which have a very small angle of rotation it can be the 

preferable method for determining the molecular dynamics 

for the optically active molecules of a certain kind. 
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