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The NMR spectroscopic data for organometallic allyl and related derivatives have been examineq. It. is _suggested tha_t allyl
compounds of transition metals be classified solely as g- and w-derivatives and NMR spectroscopic criteria for the assignment
of the test compounds to one of these types have been formulated. The etfects of the structural pon-equwalence of ally!
ligands in a series of compounds, certain types of isomerism of allyl derivatives and also their possible Iat_:k of stereochemical
rigidity have been considered. The validity, from the standpoint of NMR experiments, of the hypothesis of the ¢-7 trans-

formations of allyl derivatives of transition metals in the presence of bases has been discussed. Hypotheses have been put
forward concerning the geometry of the allyl compounds of certain non-transition metals.
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I. INTRODUCTION

Depending on the geometry of the allyl —metal (a trans-
ition or non-transition metal) bond, allylderivatives canbe
divided into two basic types: (1) compounds with the usual
localised o-bond [structure (I)]; (2) compounds with a
non-classical delocalised bond [structure (II)].
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Allyl derivatives of the o-type (I) are more character-
istic of the chemistry of non-transition metals, while com-
pounds with a delocalised bond (II), usually referred to as
the 7-bond!, are typical with transition metals. There is
no rigorous correspondence between the nature of the
metal (transition or non-transition) and the bond type [(I)
and (II)]. A fair number of transition metal derivatives
with an allyl—metal o-bond have been synthesised. On
the other hand, structures with a delocalised bond (II) are
known for non-transition metals, but, in order to regard
them as 7-complexes, a group-theoretical justification is
necessary. Together with organometallic compounds
containing an unsubstituted or substituted allyl group, it
is natural to consider also compounds of certain other
classes in which the allyl fragment is part of an open or
closed carbon chain. In the discussion on derivatives with
a delocalised bond, such grouping permits the considera-
tion from one standpoint of all compounds where this bond
is formally formed by three electrons from the three
carbon atoms of the ligands.

Nuclear magnetic resonance (NMR) spectroscopy has
proved to be the most important physicochemical instru-
ment for the discovery and comprehensive investigation of

complexes of the 7-allyl type. For example, the non-
classical structure of certain allyl (and also #-benzyl and
trimethylenemethane) transition metal derivatives was
initially proposed on the basis of NMR studies 2~¢ and only
subsequently confirmed by diffraction methods®~7. The
isomerism in the series of allyl derivatives, various
rearrangements, and many other structural and chemical
problems have been successfully investigated by NMR
spectroscopy. During the last decade, numerous spectro-
scopic data have accumulated and probably in the imme-
diate future the NMR method will provide much informa-
tion about compounds of this type.

However, for a number of reasons the data obtained
are not always interpreted with sufficient rigour. Asa
result, certain conclusions which “follow from NMR
data” and which have been widely adopted in the literature,
actually proved to be incorrect. Apart from other rea-
sons, this was because in studies of organometallic allyl
compounds the entire “arsenal” of the NMR method was
not employed. For example, until now no studies have
been made of such important characteristics as !13C —!'H
spin—spin coupling, although the constants Juc- s Pro-

vide information about the valence state of the carbon
atoms in the allyl ligand. Moreover, in the discussion of
the screening of the proton in the #-allyl ligand the effect
of the magnetic anisotropy of other ligands, for example
triphenylphosphine, is as yet rarely taken into account.
All these considerations led us to undertake the present
review. We must stipulate that the method chosen for the
treatment of the subject, namely the use of data based on
only one physicochemical procedure, dictated both the
principles governing the selection of facts and the manner
of their presentation. As a result, we have to concentrate
attention only on the conclusions which follow unambigu-
ously from NMR spectroscopic data. Clearly, the final
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answer to the majority of the problems considered can be
obtained only by considering together results obtained by
several physicochemical methods.

II. COMPOUNDS WITH A LOCALISED ¢-BOND

NMR spectroscopic studies have been made on a number
of organometallic o-allyl derivatives’ ®-17 and related
compounds containing the ¢-allyl fragment—cyclopenta-
dienyl!®~%  benzyl®%-%, and indenyl!?,%2-32 derivatives.
In almost all cases NMR spectroscopy permits fairly
reliable identification of the o-allyl type. The relevant
spectroscopic characteristics are presented in Table 1.
For comparison, data for certain other organometallic
allyl compounds are also included.

The 'H NMR (PMR) spectra of o-allyl derivatives
(Fig.1) show at least three groups of signals (intensity
ratios 1:2:2) characteristic of the normal allyl system
(AKLX,, in the limiting case ABCX,):

=CH— CH,= —CHM
36.0—6.6 pp.m. 83.5—5.0 p.p.m. $41.5—2.8 p.p.m.

The lines due to the most screened aliphatic CH, pro-
tons (X,) are split by CH vinyl protons, which to a first
approximation gives rise to a doublet in the spectrum.
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The vinyl protons of the =CH, (KL) group are non-equiva-
lent and therefore produce a poorly resolved multiplet in
the spectrum. As a result of splitting by all the remain-
ing protons in the allyl fragment, the vinyl =CH proton (A)
gives rise in the spectrum to a distinct asymmetric
multiplet, typical for vinyl compounds, located in the
region of the weakest fields.

It follows from the data in Table 1 that the screening
of individual groups of protons in each compound differs
somewhat from the corresponding values in propene.

H(A)
HK)S Jg 1
HL) HX)
H(A) H(KL) H(X)
B0 W0 20 6

Figure 1. NMR spectrum of the compound o0-C;H,Mn(CO),
(AKLX, spin system)?.

Table 1. Parameters of the PMR spectra of o-allyl derivatives of the elements.
617, P.p.m. rel. to TMS* Jyp HZ "
H HH Conditions of
Typfp‘lit‘}l‘n"f;:lén?'l?iﬁ'ﬁ o Compound HIK, L) AK AL measutement |References
component of spectrum Hay H(B) HX) (cis) (trans) | &© Ve;‘é*) temp.,
CgHyMn(CO); 6.15 477 1.85 | 10 17 1
CHyFe(CO)y-ni-CsHs 6.16 4.59 2.07 9.2 17.4 8
CgHyMo(CO)s-nt-CsHs 6.0 3.5 2.27 9
CsHy W(CO)s-n-CsHg ~6.0 4.53 2.32 CeHyg 10
H(A) CoHyRh(CO)C1,{P(CsHy)sle 6.58 4.82 2.8 CDCly 12
. 5 CoH,I1CL{P(CHy)aCoHs s 6.2 4.90 2.70 CDCly 1 :
# (CsHy)aSi 5.62 4.70 1.50 <165
H(L) H OH0 (CsHs)sB 5.65 4.70 2.05 <—40° u
(CsHs)eSa 5.88 4.83(K)| 1.88 9.39 | 16.90 15
472 (L)
AKLX,
? CgH;Ge(CH,)g 5.94 479(K)| 1.74 16
4.92(L) 5
(CgHs)aHe 5.98 1.86 9.52 | 16.75 | [’HgITHF 17
CsH, 5.73 4.88(K)| 1.72 | 10.02 | 16.81 CCl, 3
4,97 (L)
CyH;CH,Mo(CO);--C;H, 7.13 2.88 s, 3
K) 4-CH,C4H,CH;Mo(CO)3--CsH; 7.04 2,92 2
M 4-CHyCqHCH, W(CO)5-u-CH, 7.0 2.99 , CDCl 2
& (CeHsCHa) Ti 6.42 2.57 (*Hg]toluene 27
B OHX) (CoeHsCHy)Zr 6.38 1.53 CyD, 28
HK) (CeHsCHa)(Sn 2.22 CHCl, 2
CyH;CH; 2.34 CCl, 3
siar 0-CsHyFe (CO)y--CsH; ~6.0 ~6.3 3.5 €S,y —80 18
HIB) M 6-CgH,Cr (NO)g-n-CyHg 6.28 6.5 CS,, —110 18
- 0-CyH,Si (CHy)s 6.48 3.23 2
H(B'Y ' (0-CyH;),Ge (CHy)s 6.63 3.51 2
HIAD CsH, 6.42 2,90 2
AA'BB X
LH(B) G,H, Fe (CO);-n-CsH, 6.72 | 6.53 3.97 CDCly, 25 19
(GHy)oHg 6.76 3.81 ~5.7 <—H 29
O HIA) CgH,Sn (CHy)s 6.80 | 6.58 3.87 CS,, —37 30
C.H,Ge (CHy); 6.65 3,50 <134 30
M CoH;Si (CHy)s 6.73 6.41 3.29 <180 30
HOO ABX | CeHy, 6.14 6.67 | 2.99 | 5.88 s

* Tetramethylsilane (Ed. of Translation)
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However, these differences do not make it necessary to
take into account additional factors apart from those
already known: the electronegativity of the metal, the
magnetic anisotropy of the C—M bond, and the anisotropies
of the individual fragments of the molecule. The coupling
constants Jgy (cis) and Jyg (frans) of the compounds
under considerations, including transition metal deriva-
tives, in fact agree with the corresponding constants for
propene. Nor are any other spectroscopic differences
observed between o-allyl derivatives of transition and
non-transition metals. Furthermore, one may conclude
that, under the conditions (temperature, solvent) where

NMR spectroscopy indicates a o-allyl structure of the com-

pounds considered, no signs of coordination of the double
bond of the allyl fragment to the metal atom are observed.
The available data permit the formulation of the
principal spectroscopic characteristics of organometallic
allyl compounds with a localised o-bond: (1) the non-
equivalence of the CH, groups; (2) the equivalence of the
protons in the aliphatic CH, group and their non-equiva-
lence in the olefin group; (3) the agreement of the vicinal
coupling constants Jyg (cfs) = 9-10 Hz and Jypg (trans) =

17 Hz with the corresponding constants for propene and
other allyl derivatives.

The PMR spectra of o-benzyl, o-indenyl, and o-cyclo-
pentadienyl derivatives of transition and non-transition
metals are also very similar to the spectra of the corre-
sponding hydrocarbons (toluene, indene, and cyclopenta-
diene). In all cases the aliphatic protons are the most
screened and the observed spectrum fully agrees with
expectation for a spin system with a C—-M o-bond. It
should also be noted that the signals due to aliphatic pro-
tons, geminal relative to the metal atoms, are located in
a fairly narrow region of the spectrum for each of the
above classes of compounds:

CH,—CH—CH,M
81.5—2.8 p.p.m.

CH,CH,M
82.4—3.0 p.p.m.

CHM
$3.2—3.5 p.p.m.

GILM
$2.9—4.0p.p.m.

This evidently can be used as a test for the formation of
a localised bond.

III. DERIVATIVES WITH A DELOCALISED BOND

The PMR spectra of the compound 7-C;H,Co(CO), with
a delocalised bond were investigated for the first time in
1960 by Heck and Breslow2. The PMR spectra of allyl
derivatives of transition metals with a delocalised
C,H,~-M bond were investigated in greater detail by
McClellan et al', The number of studies which in one
form or another relate to the NMR spectroscopy of
m-allyl compounds increases steadily. Spectroscopic
data are now available both for compounds containing allyl
groups only [(C;H,),M, M = Ni, Pd, Zr, Hf, Th, Rh, Ir,
Pt, U, etc.)] %% and for mixed compounds containing,
apart from the r-allyl ligands, one or several other
groups: a halogen!,%-17  carbonyl!,?,48-50  g-cyclopenta-
dienyl?»%",54,5  a halogen and carbonyl3-%°  a halogen and
m-cyclopentadienyl 4,5, carbonyl and 7-cyclopentadienyl
8-1081-53  etc. Spectroscopic data are also being quoted
for 7-allyl complexes in which the transition metal atom
is coordinated to phosphines, pyridine, dimethyl sulphox-
ide, the acetylacetonate ion, and similar basic ligands
11 ,1 2’46’62—’13,82.

Historically the NMR spectra of non-transition metal
derivatives with a postulated delocalised bone [structure
(ID] were investigated earlier than those of the 7-allyl
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complexes of transition metals. Thus, as early as 1959,
Nordlander and Roberts” observed in the PMR spectrum
of CgH,MgBr characteristics the interpretation of which
did not exclude the possible existence in this compound of
one of the forms of the delocalised C4H; —Mg bond:

(D

Table 2 lists certain spectroscopic characteristics of
the w-allyl derivatives of transition metals. In the PMR
spectra of compounds with an unsubstituted ligand, as in
the case of o-complexes, there are as a rule three groups
of signals with intensity ratios of 1:2:2 (Fig.2). How-
ever, the spin system of the AKX, spectrum indicates a
greater symmetry of the allyl—M group in compounds of
the 7-type. In particular, it follows from the spectrum
that each of the two signals in a strong field (K;X,) no
longer refers to an individual CH, group, as in the
o-structure, but to an individual type of proton from each
CH, group—cis or transft.

H(A)
H LK)

Cd

WM Ny

H(A)

.

! L

60 40 5

Figure 2. NMR spectrum of the compound (7-CgH,PdCl),
(AKX, spin system)®.

H(K) HX)

The results led to the conclusion that in derivatives of
7-type [structure (III)] a delocalised bond is formed and
all the carbon atoms of the allyl fragment are in a state
of sp?-hybridisation (strictly speaking, in order to assess
the valence state of the carbon atoms of the 7-allyl ligand
it is also necessary to have data on '3C ~'H spin—spin
coupling). Then both C~C bonds of the ligands prove to

4

T Here and subsequently we are considering the posi-
tion of the terminal protons relative to the central proton
or the group replacing it [structure (III)]. The terms
“cts” and “trans” were introduced for these compounds
in 1959 by Nordlander and Roberts’ and are used in
the discussion of both allyl and 7-olefin, 7-butadiene,
m-pentadienyl, and similar complexes. Two years
later! the terms “syn” and “anti” were introduced, but
have not been widely adopted by investigators of 7-com-
plexes (with the exception of allyl complexes).
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Table 2. Parameters of the PMR spectra of transition metal derivatives with a symmetrical
#-allyl—M bond.
B PPamIel. 1o TMS T B2 Conditions of
Type of molecule and type of measurement References
spectral system of allyt com- Compound H® H(K) HX) cis trans (solvent, temp., ef
ponent of spectrum (cis) (trans) °C)
1 3 3 4 5 6 7 8 9
(CsHPdCY), 5.45 | 4.02 | 2.95 74 12.1 CHCl, a
(CaHsPdD)y 5.40 | 4.35 | 3.05 6.3 11.8 CHCl, 7
CsHyPdC,H, 5.68 | 4.37 | 3.19 5.0 10.0 CDCly 1
(C3H;)yPd, two types of symmetrical 5.08 4,14 2.40 7.6 13.0 CDCly k]
w-allyl groups 4,93 3.90 2.56 7.6 13.0 —20°
n(A) (CsHgNiBr), 4.3 2.3 1.2 7.0 13.3 CoH, 7
1 H(K) C4HgNiCHs 3.70 3.09 1.88 3.0 14.0 1
2N C,4HyNiCH, 5.33 2.76 2.25 ™S, —60 76
H HIX) (CsHy)aNi, two types of symmetrical 5.03 3.79 | 1.67 7.0 14.0 CDCly %
-allyl groups 4.55 3.58 | =.20 7.0 14.0 —40°
AKoX, CoHsMn (CO), 4.7 2.8 1.8 7.0 | 12,0 CoH,, 160 48
CyH,Co(Co)y 4.9 3.07 2.145 6 10 !
C3HyMo(CO)s(CH5CN).Cl 4.4 3.59 | 1.01 6.0 9.0 CoH,Cl ”
CsH;FeC,Hy(CO) 416 | 267 | 1.68 8.0 11.0 CoH, 8
(CgHg)sRh, three types of symmetrical 5.26 2.87 2.53 7.0 14.0 CFCly 38
w-allyl groups 4.17 2.68 1.33 6.5 11.0 —74
or
2.62
3.50 2.62 | 1.7 8.5 1.0
or
2.68
v (2-CH5C,H PACl), — 3.83 | 2.83 — - CHCl, a7
H 2-CHyCsHPdacac — 3.52 2.66 - _— ol ™
N H(K) . 2.46 2.97 . . 4 .
G 2-CHyC4H Rh[P(CeHs)sla . . CqH;Cl
B 8 HX) (2-CICyH,PdCl)y —_ 4.27 3.26 — — CDCly, 3 68
Lot 2-CICsHPdacac — 4.55 3.12 —_ — CDCly, 3 68
2-CIC,H,Co(CO); - 3.83 | 2.92 — — 1
(CsHgNICyH,), — 3.05 1.3 CyDs, 30 ™
CgHNiCyH,—CyHPdCyH, —Ni 2.75 1.15 CyDy, 30 79
Pd 3.65 | 2.15
(CsHPdCgHy), 3.65 | 2.24 CDClg 72
(acacPdCsHy)q 4.00 | 2.81 CDCly 7
H(A)
HiO\ o /CHa (CeH,PdCl)s 546 | — | se2 | — 10.7
81
H HX) CsHyCo(CO)y 9.8 coal, 33
AN,
(]|
H,C
N7 2-CHyCyH,IrCly[P(C;Hs)sla 4.40 | 3.20 — — CDCly, 34 u
! 2-CHyCyH,RhCly[ AS(CeHy)s) 445 | 3.74 — — CDCly, —60 82
2-CHyCsH(RhClg[ Sb(CyHy)sla 439 | 3.15 - — CDCly, —50 82
n<2, CgH,NiCyH; 5.13 3.96 — CoHy 8
=2, CyH,Cr{(CO)sCyH; 5.40 4.00 - CeH, 51
n+3, (CeH,PdCl), 5.51 5.22 - 2
ns3, CoHRh[P(CoHy)sly 5.25 3.60 - 6.6 — CeH C1 K
n=5, CgH,4Co-cyclo-octa-1,5-diene 5.5 3.3 8 — CeDs 8
n=5, CyH,sRB[P(CeHy)sls 5.25 3.47 8.0 — CgH,Cl ]
e F CyHyF,NiCgHg 5.02 | 3.85 8
i . .
a1 ] e
H MH F

be equivalent and the metal is located symmetrically

relative to the terminal carbon atoms.

Subsequently

these conclusions were confirmed by diffraction data (see,
for example, Refs.5, 80, 87, and 88).

The H(A) proton bound to the central carbon atom

proves to be least screened in all cases.

Its signal con-

sists of a complex symmetrical multiplet due to splitting

by the two pairs of terminal protons.

Two other signals

are due to the cis-protons H(K) and trans -protons H(X).

To a first approximation, each of them consists of a
doublet due to splitting by the central atom. In a more
detailed investigation of these “doublets” it is possible to
observe a fine structure due to the interaction of the non-
equivalent geminal protons H(K) and H(X), The corre-
sponding coupling constant Jqy (gem) usually does not
exceed 1.5 Hz 36,4 ,%2,86 [yt in the case of substituted com-
pounds of the allyl type higher splittings for geminal
protons are also known: 2 Hz for 2-C1C H,Pdacac®® and
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3 Hz for #-C,H,CH,Mo(CO),C,;H,. * We may note that for
the compound (CH,),CFe(CO), this value reaches up to
5 Hz. ¢

As in 7-complexes of other types, the proton spin—
spin coupling constants for m-allyl complexes Jyy (cis) =

3-8 Hz and Jyy (¢rans) = 10—15 Hz (Table 2) are much

lower than for the initial olefins [for example in the case
of ethylene Jygp (cis) = 11.5 Hz and Jyy (trans) =

19.1 Hz %] and the corresponding o-allyl derivatives.

Complex formation is the evident explanation of this effect.
However, it should be emphasised that, despite the

lowering of the absolute values of the constants Jyy of all

three types, the sequence of their relative values estab-
lished previously?®4,?° in the olefin series is strictly main-
tained:

Jun (trans) > Jun (cis) > Jun (gem).

This finding permits an unambiguous assignment of the
signals due to cis- and {rans-protons in the spectroscopic
study of each new 7-complex.

The experimental data so far accumulated (Table 2)
show that in #-allyl complexes the cis-protons H(K) are
less screened than the frans-protons H(X). The range of
variation of the screening of the individual groups of
protons in 7T-complexes is much wider than in derivatives
of the o-type.

H(A) H(K) HX)

568>8>35  44>0>27 32>8>13
This can probably be accounted for by the greater sensi-
tivity of the w-allyl ligand to the characteristics of the
complex-forming metal. Differences in experimental con-
ditions can also play a decisive role: Table 2 includes for
certain compounds data for screening in benzene solutions,
although the use of this solvent can seriously distort the
results. Evidently, as information accumulates on the
spectra of the 7-allyl derivatives of an increasing number
of metals, the range of variation of the screening of pro-
tons of each type may become extended. At the same time,
there is also a possibility that the range of variation will
be found to be narrower in repeated NMR measurements
under standard conditions, particularly when NMR spectro-
scopic data for the compounds in solvents such as benzene,
toluene, etc. are excluded. We may also note that,
although the ranges of variation of the chemical shifts of
the individual groups of protons overlap to a considerable
degree, for each specific 7-complex the sequence of
increasing screening is as a rule maintained: H(A) <
H(K) < H(X).

Thus, using as an example compounds containing an
unsubstituted #-allyl group, it is possible to formulate a
number of criteria for the #w-coordination of the transition
metal atom to the ligand: (1) the equivalence of both CH,
groups and the non-equivalence of the protons in each;

(2) the shift of the signals of all the protons towards
stronger fields compared with the o-allyl complexes, par-
ticularly for frans-protons; (3) a sharp reduction of the
Jyp (cis) and Jgy (trans) constants.

At a fairly low temperature, the PMR spectrum® of
C,H,Li resembles the spectra of the 7-allyl complexes of
transition metals (Table 3). It consists of three signals
and corresponds to the AKX, spin system. All the
necessary spectroscopic criteria of the delocalised bonds
were observed: the equivalence of the CH, groups, the
non-equivalence of the cis- and frans-protons, and the
lowering of the constants Jyy (cis) and Jyy (érans). The

only difference between the spectra of C;H.Li and the
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7-allyl complexes, for example (C{H,),Zr, consists in the
reversal of the positions in the spectrum of the signals

due to the cis- and frans-protons: in contrast to transition
metal 7-complexes, the cis-protons in allyl-lithium are
the most screened. Thus one may conclude that, under

Table 3. Comparison of the spectroscopic parameters
of zirconium and lithium derivatives with a delocalised
allyl—M bond.

H(A)

>/—K<H(K)
S
HX)
Q : ters Compound
conditions of measurement (CaH)uZr*® CyH,Lidt
H (4) 5.18 6.38
Sy Ppm.rel. to TMS | H (K) 3.28 1.78
H(X) 1.90 2.2%
cis 8.5 8.6
Thp H2 trans 15.5 15.2
Solvent CECly (*HgI THF
Temperature —T74° —87°

conditions where the spectrum of allyl-lithium was mea-
sured (Table 3), a delocalised bond of type II and not a
o-bond is formed, the metal atom being located symmet-
rically relative to both CH, groups.

The NMR spectrum of the 7-allyl complex becomes
significantly simplified after symmetrical substitution in
the ligand: substitution of the central proton?!,'!,46,47,68,82
substitution of both cis-protons by identical groups #°,8,92,93,
and substitution of both {rans-protons with formation of a
m-enyl ring4?,5!,78,83 .84 94-96  The chemical shifts and the
spin—spin coupling constants of the remaining protons in

Table 4. Chemical shifts of cycloheptatrienyl protons.
o 5H’ p.p.m.rel. to TMS
Compound Solvent Temp., C 1
e
CHFeCOICH, | [Hg)toluene —50 |2.44]432)6.05]520] o
CD&, 3.084.75|6.10 | 5.45| 100
CClyFy— —107 | 4.43 | 3.76 [ 6.20 | 5.49 | 101
CyHsMo(CO)sC;H, [ZHS] toluene
CHCLF —148 | 2.32|4.59 | 6.50 | 5.40 | 101
CHCIF —118 | 2.00 | 4.37 | 6.36 { 5.36 | 101
[2H8| toluene
CFCl;—CS, —110 | 2.10 | 4.27 { 6.0 | 5.0 102
Co(CO)sC,Hy CF,Cly —140 | 3.50 | 4.95 |~6.5 [~5.8 | 102
CH, 2.1915.27 | 6.09 | 6.5 103

general differ little from the corresponding values for
m-complexes with an unsubstituted ligand.

We may note a characteristic feature of the 7-enyl com-
plexes associated with the sensitivity of the spin—spin
coupling constants to ring size®~%. The Jgy (cis) con-

stants for 7-enyl rings are lower than those for the non-
complex molecules, as can be seen from a comparison of
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the corresponding values, for example, for compounds (IV)
and (V). However, the absolute values of these constants
are significantly lower for both types of compounds than

in the case of open-chain systems—w-allyl complexes and
olefing®,°6, Thus the Jypy (cis) constants for the 7-enyl

complexes may not fall in the range of values found for
the #-allyl compounds:

avy W)
JHH(cis) = 2.7 Hz (Ref.96) JHH(cix) = 5.4 Hz (Ref.97)

For certain stereochemically non-rigid cyclohepta-
trienyl molybdenum and cobalt compounds (Table 4), the
existence of a 7-allyl bond has been postulated [struc-

ture (VI)] t04-108;
.M ©<M

p win

However, recent studies!®,%2) including one on the
corresponding iron derivative!°®, show that at fairly low
temperatures the NMR spectra of these compounds agree
better with the instantaneous formation of a C;H,-M
o-bond [structure (VI)]: the aliphatic proton proves to be
most highly screened and the chemical shifts of each of
the three pairs of olefinic protons are similar to the corre-
sponding values for cycloheptatriene. To resolve this
contradiction, it is evidently necessary to carry out struc-
tural studies. However, it should be emphasised that
discrepancies between the actual structures of organome-
tallic compounds and those expected on the basis of the
effective atomic number rule are being increasingly
observed. This can be illustrated, for example, by the
structure of the indenyl compound of samarium for which
NMR data indicate a localised C-Sm o-bond®, although a
delocalised #-bond had been suggested, by analogy with the
corresponding cyclopentadienyl derivatives of the lantha-
nides.

IVv. PROTON SCREENING IN 7-ALLYL COMPLEXES

A shift of the PMR signals to the “aliphatic” region of
the spectrum is observed on formation of 7-complexes by
aromatic and olefinic ligands of a wide variety of types!®,
Since the effect itself has not so far been fully interpreted
quantitatively, its discussion for m-allyl compounds must
be restricted to certain qualitative considerations. As
usual #,%, it is natural to assume that the magnetic
screening of protons is determined mainly by the relation
between two factors: the simultaneous effect of the
anisotropy of the magnetic susceptibility of the adjacent
atoms and bonds and the changes in electron density at the
given hydrogen atom.

The effect of the anisotropy of the magnetic suscepti-
bility on the screening of protons in the 7-allyl ligand may
include both the effect of the magnetic anisotropy of the
ligand itself and the effect of the transition metal atom and
other groups bound to it. One of the main causes of the
shift towards stronger fields of the signals due to the pro-
tons in olefinic derivatives on formation of 7-allyl com-
pounds is the change in the magnetic anisotropy of the
multiple bonds on complex formation!°:,

The magnetic anisotropy of the double bond, which leads
to a shift of the proton signal towards weaker fields com-

Russian Chemical Reviews, 39 (8), 1970

pared with itg ‘“true” position (i.e. when only local screen-
ing is taken into account), is known%,%° to make a consider-
able contribution to the screening of olefin protons. On
formation of the #-allyl complex the contribution of this
effect diminishes, which is shown in the spectra by a shift
of the signals of the protons investigated towards stronger
fields, although their screening then merely approaches

the “true” value.

The magnetic anisotropy of the transition metal, par-
ticularly the presence in the latter of filled d levels, can
have a significant effect on the screening of the protons of
the coordinated ligand. This effect is clearly revealed by
the fact that in all 7-allyl complexes the {rans-protons
located close to the transition metal atom are screened
more than the cis-protons. This type of feature is not
characteristic only of allyl-lithium (Table 3), where a
non-transition metal is involved in the formation of a
delocalised bond®!,

The magnetic anisotropy of other ligands bound to the
transition metal atom can also influence the screening of
the protons. For example, when the chemical shifts of
the protons in two allylrhodium derivatives [(VII) and
(IX), Table 5] are compared, it is evident that the replace-
ment of cyclo-octa-1,5-diene by two triphenylphosphine
groups alters the screening of the allyl protons in different
ways. Then the central proton is screened to a greater
extent, while the terminal protons are in fact descreened,
a particularly pronounced effect being observed for trans-
protons located closest to the source of perturbation. One
cause of this behaviour is probably the fact that the effect
of the magnetic anisotropy of the triphenylphosphine groups
is greater than the effect of cyclo-octa-1,5-diene.

Table 5. Changes in the screening of the protons in
the m-allyl derivatives of rhodium as a function of the

structure of the compound.
H(A)

| HtA)
>/‘\<H‘K’ AN
H(X)
Rh /Rh H{X)
N N L \[
i ax
L= P(C6H5)3
81y P.p.m.rel. to TMS
Type of proton |y Ref.109)] IX)Ref.78)|  °°
H (&) 5.47 495 | 0.22
H (K 2065 274 | —0.00
HX 1.67 2119 | —042

It follows from the data in Table 2 that in certain cases
a shift of the signal due to the protons in the w-allyl ligand
towards strong fields, relative to that of the protons of the
non-coordinated olefin, reaches 3—4 p.p.m. Such a shift
cannot be explained without postulating that, apart from
the influence of the magnetic anisotropy of neighbouring
atoms and bonds, the change in the local screening of the
ligand protons, caused by the partial transfer of electron
density from the metal atom to the ligand (M — L), also
has a definite effect. This is evidently a reflection of
the electropositive nature of the metal compared with car-
bon atoms. Unfortunately, it is very difficult to isolate
this factor against the background of the experimentally
observed overall effect.
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It is quite likely that the displacement of electron
density from the metal to the ligand is accompanied by its
non-uniform distribution in the 7-allyl group. Poss’bly
this is why in the complexes examined the central proton
proves to be least screened compared with others. A
more pronounced screening of the terminal protons may be
evidence of an enhanced electron density at the corre-
sponding carbon atoms. Consequently, if electrcphilic
substitution reactions involving a #-allyl ligand are dis-
covered, the point of attack in such reactions will be
primarily the terminal carbon atoms. However, in
choosing model systems for such reactions, it i necessary
to observe certain conditions. Such models must evidently
be characterised not only by the presence of an excess
electron density in the ligand but also by a fairly pro-
nounced inertness of the molecule towards possible com-
peting reactions (a strong allyl—M bond, the absence of
labile M —halogen bonds, etc.). It may be that in fact an
unsuitable choice of models is the reason why all known
attempts to achieve electrophilic substitution in a 7-allyl
ligand (see, for example, Rubezhov!!?) have so far proved
unsuccessful.

V. ASYMMETRIC ALLYL COMPOUNDS WITH A
DELOCALISED BOND

Like any other symmetrical system, a m-allyl complex
may lose, as a result of some perturbation, the plane of
symmetry y passing through the metal and the central
carbon atom [structure (IIl)]. As a result, the two “arms”
of the 7-allyl ligand may become non-equivalent. One may
point to several sources of perturbation, which lead to a
non-uniform distribution of electron density in a w-allyl
ligand. In the simplest case this is a substituent Y joined
to one of the terminal carbon atoms [structures (X) and

) [N ][]

M (XD
trans-isomer X1

z—---

cis-isomer

An asymmetric 7-complex of this type, crotylcobalt
tricarbonyl, was investigated by the NMR method earlier
than others!!!, Subsequently many other asymmetric
m-allyl complexes were described,55,86,76,1127116  Some
of them are listed in Table 6. Lithium derivatives with
asymmetric allyl ligands are also known!!?,

It follows from the data in Table 6 that in the com-
plexes under consideration the frans- (and cis-) protons
of the same ligands can have different chemical shifts and
somewhat different constants for spin—spin coupling to
the central proton (Fig. 3).

The m-benzyl and 7-thienyl derivatives of a number of
transition metals constitute an interesting class of asym-
metric 7-allyl complexes 3,25,118,118 In these compounds
asymmetry is an inseparable property of the molecules:
three carbon atoms of the ligand form with the metal a
delocalised 7-allyl bond in such a way that one of its
“arms” belongs to the ring [structure (XI)]. At a low
temperature, when the geometry of these compounds is
fixed, the protons of the CH, group are non-equivalent.
In particular in 7-C4H,CH,Mo(CO),—7-C,H, the chemical
shifts of these protons at —30°C differ approximately by
1 p.p.m. The proton on the part of the ring involved in
the 7-allyl bond becomes much more screened than the
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others andacquires a chemical shift uncharacteristic ofaro-
matic protons [6 = 5.2 p.p.m. for 7-C.H,CH,Mo(CO),C,H,].
Because of the structural characteristics of molecules of
this class, there is only one piece of spectroscopic evi-
dence for the asymmetry—the difference between the
screening of the two trans-protons.

Groups external to the allyl ligand and also the low
symmetry of the entire molecule can also give rise to the
asymmetry of the #-allyl ligand. However, in com-
pounds where these factors may operate, the possibility
or impossibility of asymmetry is not evident in all cases.
We shall examine two examples of the occurrence of
asymmetry of this type in #-allyl complexes of two
classes—planar square and octahedral complexes.

H(A)

HE)~ 2 =S HUK)
wn’ M VN
H(A)  HB) HIP) H(K) HX)
1 1 1
40 20 06

Figure 3. NMR spectrum of the compound (7-C3H,),Mo;
four equivalent asymmetric 7-allyl ligands (AGKPX
spin system) .

Complexes of the platinum group metals (XIII) have
been investigated fairly comprehensively. When L, = L,
[for example, (C;H,PdCl1),, *8,47,%,%% (C,H,NiBr),, " etc.],
they have a spectrum of the AKX, type, characteristic
of a symmetrical 7-allyl ligand. Evidently asymmetry
may arise only when the substituents are non-equivalent
(L, # L,), which leads to the corresponding non-equiva-
lence of the cis and trans-protons and the appearance in
the spectrum of five signals of equal intensity (AGKPX

spin system).

M
LN, e

However, the possibility of asymmetry is not realised
in all cases (Table 6). For example, when the groups L,
and L, do not differ very much in their electronic effects,
the spectrum characteristic of symmetrical complexes is
maintained. As already stated, the chemical shifts of
protons may be influenced not only by changes in electron
density but also by the magnetic anisotropy of adjacent
groups. In many cases the asymmetry of the allyl group
is due precisely to this factor. For example, the spectra
of compounds C;H,PdCIL correspond to the symmetrical
allyl group (AK.X,) ® when L =dimethyl sulphoxide (DMSO)
and to an asymmetric ligand (AGKPX, Table 6) when
L = E(CH,); (E = P, As, or Sb), whose basicity is close
to that of dimethyl sulphoxide. Probably in this case the
magnetic anisotropy of the aromatic rings of the substit-
uents is in fact of decisive importance.

When the 7-complexes have an octahedral structure, the
number of situations favouring asymmetry is much greater.
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For example, we shall consider the conditions uhder which signals associated with the spin system AK,X,. For the

the 7-ligand in derivatives of the type (7-C,H,),ML,L, cis-configuration of the molecule and identical ligands L,
(Table 7) may become asymmetric. and L,, the terminal CH, groups of both equivalent allyl

If the compound has the {rans-configuration and the ligands become non-equivalent. In consequence, the NMR
ligands L, and L, are identical or different, then both allyl spectrum should show a group of signals of the system
groups must be symmetrical and equivalent. Corre- AGKPX, characteristic of an asymmetric 7-allyl ligand.
spondingly the NMR spectrum should show only one set of Such a spectrum was observed, for example, in the study

Table 6. Parameters of the NMR spectra of metal derivatives with an asymmetric 7-allyl-M

bond.
Type of molecule and type of Sy P-p.m.rel. to TMS Jyp H2 Conditions of 8
spectral syst;m of allyl Compound (easuto s
component of spectrum H(GK) H®, X) i solvent, temp., | 3
B | Gis) (trans) cis | trans 0 s
Source of perturbation in allyl group
H(A)
W“m (1-CICH,GyH,PdCY), sas| 40 | soum | 69| u20|  cia, “
HUX) 1-CH,CH,Co(CO)P(n-C Ha)s s42| 247 gp 6.2 | 10.4 CsDs 115
1 “35(X) 9.0
AKPX
H(A) 1.CH;C,H,Co(CO)s 74 | 123 81
H(G)>/K<H(l\) 6.8 . CHC s
1-CH,C,H,Rh[P ~4.9] 3.35(G 2.0 6 |14.0
HX) (P(CHh W 6.9 30
1-CIC,H,Co(CO); 5,99 [ 4.68 2.38 8 |u 1
AGKX 3.35
H(A)
CH;CH, >/‘\<cocsn,
H(P) H(X)
1-CyHg-3-COCgH,C3HaMn(CO) 5.77 3.59(P 10.1 cpal 120
“GHy3-COGH (Ol 3.13(x} 10.0 :
APX
H(A)
>)\<:HK)
H(PY 1,3-(CHy)y-C;HsCo(CO)5 7.2 113 81
>/K<"(K’ (1-CHy-2-CI-CyH,PdCl), — | 4.04 3.05 — | - CDCY, 68
H(P) HIX) (4-t-C¢Hy-2-CH,C,H,PdCl), 3.62 2619) | — | — 121
3.48(X)
KPX
z
H(G\>)\<11(K)
e 1-t- C,H,-2-CH. 1 — 4.44 3.87(P — - 121
: HOX) (1-t- C,H,-2-CHyC3H,PCl)g 3 47&))
GKX
>/k<H(K)
M [4,4(CHy)y-2-CIC4H,PdCl]y — | 448 3.44 68
H(K) CO — | 2.8 1.84(X) CFCly, 3
@\< ( 7-CoH,CHyM0(CO)CyHs 5.20’)) Tl
ney  HX
Source of perturbation outside allyl group
HeA) AK,X,
Ha >/K<Hm GaH,PdCI- DMCO 5.8 4.29 343 |67 |1s| oo o
Hp) —
HX) CH,NiBr-P(CeHy)s 54 | 3.38 245 |65 |ts| cma 62
7
L.*L,
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Table 6 (contd. ).

‘SHH' p.p.m.rel, to TMS JHH’ Hz Conditions of ‘E
Type of molecule and type of c . ne 2
spectral system of allyl p HGK solvent, temp,, g
component of spectrum | H(A) ((ff;, ) H(?:,;ffs)) cis | trans °0) K}
Hea 12.0 CDCl 66
C4H,PACl-P(CeH 5.58 | 4.69 3.70 | 6.0 {12, Cls,
”(“’>/4\<““<) HPAChPCtis 307 | 282 | 7.0 {135 i .
- . 5 . 3.65 6.0 | 13.5 CDCly,
Her N CsHgPACH- As(CeHy)s 5.50 | 410 3.65 1.5 DCl,
i 76
LN, CqHNiCH,-P(CeHy)s 5.00| 3.6t 2.14
AGKPx . .
L7,
" 4 54 3.57 CDCI
3 - PdCI- As(CeH, — . .5 — | = 2
U(m>/‘L\<H(K) O, (CiHl)s 382 2.78 i i
Hw HOY) . — | 45 3.59 S —2
M 2-CHyC;H,PdC! -P(CeHy)s 452 3.50 e
N 2-CHsCsH,PdSnCly -P(CsHy)s 4.48 3.32
GKPX
L,
: 5 | 11. CDClg, n
o ol 1| 3% |an|ug) o
5 2 d . CDClg. n3
(AR eml g 4E By o
TN (CsHa)aFe(CO), 4.16 g% 13(1) 6.5 |12.3 [(CH:)%%i]ZO, 49
ney N SHe _ Rt . .
(CgHp)2Ru(CsHyo) ~4.2 ? ;g _g' gg 6 %gg Cg?:n
AGK >X . .
. 5.02 4.50 3.13 6.0 | 10.3 CDCl3, 41
(CHGRACL AL, 1.88 0.71 7.0 | 115 30
Two types of asymmetric 4.46 4.27 3.22 5.8 | 11.0
w-ally! groups 3.54 2.9 7.2 |11.6

Table 7. Structure and suggested NMR spectra of the
compounds (7-C4H,),ML, L,.
H(A)
H(G)>/_I\<H( X)
ae. M Nwex)
Structure of compound
tceh;srg:::; Characteristics of Sugf: sx:;iRtype
geometrical configuration of L n-allyl groups spectrum
and Ly
it 1, = Ly | two equivalent symmetrical AKX,
N ”7 allyl ligands:
- i
. M /
i P H(G) = H(K)
- i H) = HOY
L trans Li+L ditto AKX,
L, =L, | two equivalent asymmetric AGKPX
allyl ligands:
H(G) % H(K)
H(P) = H(X)
L, < L, [two non-equivalent asymmetrid AGKPX 4
allyl ligands: R +A'G'K’P’X’
H(A)+H (A)
HQ)s=H ﬁG')
H(K) + H (K)
H(P) = H (P)
H(X) %= H (X')

of (7-C,H;),Ru-7-cyclo-octa-1,5-diene!? and
[(m-C,H,),RhC1], at a temperature below ~20°C, 113

In turn the observation of the spin system AGKPX in
the spectrum of the compound (#-C H,),ML, L, with L, =
L, may be regarded as evidence for the cis-arrangement
of the allyl group. Such a case probably occurs in the

(7-C,H;),Fe(CO), molecule4®: at —67°C the spectrum
corresponds to the system AGKPX (the alternative descrip-
tion of the spectrum by two AK,X, sets in which the screen-
ing of the central protons of two types of allyl groups is
fortuitously identical is less likely) which permits the
assignment to the compound of the cis-structure (XIV):

The spectrum is most complex for the cis-configuration
with I, # L,, since in this structure both asymmetric
7-allyl groups become non-equivalent. In the spectra of
such compounds two sets of signals of the AGKPX system
should be observed. This type of situation has indeed
been observed in a spectroscopic study of
(w-C;3H,),RhC1As(C4H,), and similar compounds *!.

The number of examples may be increased. Thus the
application of the double resonance technique makes it
possible to establish* that in (C,H,),Mo there are four
asymmetric and equivalent 7-allyl ligands (Fig. 3).
However, it is much more difficult to arrive at a conclu-
sion concerning the structure of this compound.

Examination of the spectroscopic data for allyl deriva-
tives with asymmetric ligands shows that, despite the
appreciable differences in screening, these complexes
retain all the spectroscopic features of the m-structure:
the screening of the central proton does not alter signif-
icantly; the signals of the frans-protons are as a rule
located in the region of stronger fields than those of cis~
protons; the constants Jyy (cis) and Jyg (trans) differ

significantly from one another and are of the same order
of magnitude as for asymmetric 7-complexes.
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The idea of the possible formation of asymmetric
w#-allyl compounds has been most clearly formulated only
in the last two or three years 4',%6,67,76,82,113 124,125 At
one time these derivatives were classified as compounds
with a mixed bond type —the so called 7, c-complexes
[structure (XV)] 58,%,112126,  However, subsequently this
view met certain objections 48,118,125,

<

{(XV)

In this connection, it is necessary to emphasise that
the available NMR spectroscopic data indicate only a cer-
tain asymmetry in the distribution of electron density in a
delocalised allyl—M bond, while the 7-gtructure is
retained. There are no data indicating a more far-
reaching rearrangement of these compounds, including the
formation of complexes of the =, o-type.

VI. ISOMERISM OF 7-ALLYL COMPLEXES

The characteristics of the #-allyl bonds, the consider-
able coordinating capacity of transition metals, and finally
the retention under certain conditions of a stable steric
orientation of the 7-allyl ligand relative to the coordination
centre are all factors which give rise to a great variety
of m-allyl complexes. In recent years quite a number of
examples of different types of isomerism and non-equiva-
lence of allyl ligands have been found with the aid of NMR
spectroscopy.

The simplest type is the cis —{rans isomerism in com-
plexes with asymmetric 7-allyl ligands [structures (X) and
(XI)]. Isomers of this kind are known for many metals
and may be successfully identified by NMR methods even
in mixtures 78,8 11 114 12,

An interesting type of isomerism was observed in the
study of the derivatives (v-allyl),M (M = Pd, Ni, or Pt,
i.e. metals capable of forming planar square complexes).
Two sets of signals (due to the AKX, spin system for the
unsubstituted ligand and K X, for the ligand substituted at
the central carbon atom) have been found in the NMR
spectra of these compounds in proportions depending on
the metal, temperature, the nature of the medium, and the
substituent at the central carbon atom 36,42,53,1277130_  Thig
phenomenon was explained by the fact that such com-
pounds may exist in solution not only in form (XVI),
characteristic of the solid state®, but also in the isomeric

form (XVII) 127;

(xvD (XVil}

The rotational isomers of the compounds CgH,Fe(CO),Y
(Y = Cl1, Br, I, or NO,) have been investigated®. In the
crystal such molecules have the structure (XVIO)!s,
Therefore the NMR study of their solutions shows, with
increasing electronegativity of Y (I < Br < C1 <NO,), a
shift towards weaker fields of the signals due to the H(A)
and H(K) protons most remote from the substituent
(Table 8). This behaviour is not shown solely in the case
of trans-protons H(X), the screening of which is deter-
mined not only by the electron density at the terminal car-
bon atoms but also by the influence of the magnetic aniso-
tropy of the nearest substituent. In the spectra of
compounds with Y = halogen, less intense signals of
another isomer, which according to the authors has the
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structure (XIX), were found in addition to the signals due
to the isomer (XVII). In the spectra of these isomers

a shift towards weaker fields with increasing electronega~
tivity of Y is observed for signals of the cis- and trans-
protons and corresponds, inaccordance with structure (XIX),
to signals of the central proton H(A). The content of the
isomer in the mixture depends appreciably on the steric
hindrance due to the substituent Y: for Y = NO,, the
isomer does not exist.

Table 8. Chemical shifts of protons of different types
in the compounds C,H,Fe(CO),Y (according to data of
Nesmeyanov et al. ).

H(K) (_ H(X) H(X) . H(K)
/ D\
HA)—( Y A H(A)
“\Fe/ % /Y
VAR e
ZIN
(xvtn (XIX)
8H p.p.m. rel. to HMDSO*
Y H(A) H(K) HX) H (A) H(K) H(X) Solvent
(cis) (trans) (cis) (trans)
XVili XIX
1 4.55 4.13 l 3.77 5.90 3.75 2.24 CCly
Br 4.85 4.28 3.41 5.7 3.9 2.58 CS,
Cl 5.11 4 .48 3.20 5.80 4.22 2.63 CDClg
NO, 5.4 4.70 2.63 — — — CDCly
'

An analogous situation was observed in the NMR spectra
of the compounds 7-allyl—Mo(CO),-#-C.H,. 13,52 It was
found that the relative amounts of the isomers (XX) and
(XXI) depend on steric factors determined by the substit-
uent at the central carbon atom of the allyl ligand:

G O, A
A &% %o

CoO cCo
(Xx) (XXn

An interesting example of the non-equivalence of allyl
ligands was observed in the study of triallylrhodium. It
was found that at a low temperature (—74°C) the three
symmetrical allyl ligands are non-equivalent (in the
spectrum there are three groups of AKX, signals in pro-
portions of 1:1:1).38 It was suggested (following Green
and Nagy!%?) that each ligand occupies two coordination
sites and thus the triallylrhodium molecule may have the
form of a trigonal prism or an octahedron 38,%°,

VII. STEREOCHEMICAL NON-RIGIDITY OF ORGANO-
METALLIC ALLYL COMPOUNDS.

The advances of organometallic chemistry in the last
decade led to the synthesis of a multiplicity of compounds
of most varied and sometimes unexpected types. Among
these, there are quite a few systems where stereochemical
non-rigidity was observed or is possible in principle. The
terminological aspect of this problem has not yet been
clearly resolved. Therefore we shall adopt the convention
that the concept “stereochemical non-rigidity” will be
applied to two basic types of intramolecular rotation
(recognising, of course, the non-rigorous nature of such
subdivision in many cases): intramolecular rotation and
metallotropy.
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For organometallic compounds, including allyl deriva-
tives, it is possible to indicate several types of intramolec-
ular motion, which are analogous to those in the usual
organic derivatives, for example rotation about the C-M
o-bond in o-allyl compounds. However, there is a pos-
sibility in principle also of processes specific to organo-
metallic compounds, the nature of which is fairly difficult
to predict and the study of which provides much informa-
tion about the structure and properties of such compounds.
In the classification of intramolecular dynamic processes
in organometallic allyl compounds it is most natural to
use as a basis the spin system of the allyl component of
the NMR spectrum.

1. INTRAMOLECULAR ROTATION.
a. Processes with Retention of the AKX, Spin System.

We shall isolate in a separate group those cases where
in a certain temperature range the spin system of the
allyl part of the spectrum is not simpler than AK,X,. One
should evidently include here both asymmetric derivatives
where the asymmetry of the allyl ligands disappears with
increasing temperature (in the sense AGKPX — AK,X,) and
compounds with a symmetrical CH,—M bond in which the
dynamic process is accompanied by the retention of the
formal AKX, spin system.

For example, it is possible to assign to this group the
asymmetric complex [(CgH;),RhCl], in the spectrum of
which the four separate signals due to each of the four
terminal protons merge into two pairs of signals as the
temperature is raised from —20° to 90°C. Under these
conditions, there is hardly any change either in the posi-
tion in the spectrum or the form of the signal due to the
proton attached to the central carbon atom of the allyl
ligand. Apparently an analogous phenomenon is
observed in the NMR spectrum of the compound
(C4H,),Fe(CO),: on raising the temperature from —67° to
20°C, the set of signals of the AGKPX spin system is
transformed into the set of signals of the AKX, system *.

Compounds of the type 2-RC;H,Mo(CO),C.H; (R = H,
CH,, etc.) constitute stereochemically non-rigid systems
where the temperature-dependent spectroscopic changes
are accompanied by the retention of the spin system.
Probably at temperatures exceeding 80—90°C the rate of
mutual transformations of the isomers (XX) and (XXI)
increases so much that each can no longer be observed
spectroscopically as a separate entity. As a result the
spectrum contains no longer two but only one set of sig-
nals of the AKX, system?®2,5%, Allyl compounds of moly-
bdenum with a more complex structure were examined by
Trofimenko 33,

An analogous phenomenon was observed® in the study
of the spectra of triallylrhodium. The signals of the
protons in two of the three nonequivalent 7-allyl groups
merged into a common system of lines on raising the
temperature from —67° to 10°C. In the case of diallyl-
nickel a change in temperature affected the NMR spectrum
in such a way that, on transition from —40°C (in CDCl,) to
60°C (in benzene), the ratio of the intensities of the two
groups of AKX, signals associated with the isomers (XVI)
and (XVI) gradually changed from 3:1 to 2.2:1. 38

The stereochemically non-rigid systems considered
have a common characteristic. Neither the removal of
the asymmetry of the 7-allyl ligand in one isomeric form
{in [(C,H,),RhC1), and (C,H,),Fe(CO),, etc.} nor the mutual
transformation of the isomers [(XX) and (XXI), (XVI) and
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(XVID), etc.] is accompanied by the equalisation of the
chemical shifts of the cis- and {rans-protons. The
dynamic process satisfying this condition may be only the
rotation of the m-allyl group about the axis joining the
metal atom to the central carbon atom of the ligand
[structure (XXI)]. This type of process was observed for
the first time by Becconsall and O'Brien® in a study of
the temperature variation of the triallylrhodium spectrum:

H,
=
" HB Hﬁ
(XX1H) (XX1n

It must be emphasised that this type of dynamic process
was observed for derivatives of significantly different
transition metals: rhodium, iron, molybdenum, and
nickel. It is quite possible that it occurs also in many
other 7m-allyl compounds, but is obgerved only in those
few systems where there are structural factors which
retard it and make possible its spectroscopic study. The
compounds investigated exhibit in this sense a similarity
with complexes where there is a CyHy—M 7-bond (CpHy, is
a cyclic ligand with » = 4, 5, 6, or 7) and in which the
rotation of the ligand about the n-fold axis has been
reliably established.

We may quote an opposite example. In the spectrum
of #-cyclo-octenyl-7-cyclo-octa-1,5-diene derivative of
cobalt (XXIII) the a- and B-protons of the diene ligand are
magnetically non-equivalent in the temperature range
between —88° and 60°C. ® The most acceptable explana-
tion of this finding is that there is no rotation about the
7-enyl—cobalt bond. However, we may note that in the
spectrum of #~C;H, —Rh—7-cyclo-octa-1,5-diene the
signals of all the diene protons are equivalent!%,

b. Processes with Degeneration of the Spin System to AX,.

All the compounds in which the allyl component of the
NMR spectrum is simplified on raising the temperature
to such an extent that the cis- and frans-protons become
indistinguishable (AKX, — AX,) will be assigned to this
group of stereochemically non-rigid allyl systems. This
type of phenomenon was observed?3é,%,4,1%  for example,
in the NMR spectrum of tetra-allylzirconium. While at
a low temperature (-74°C) the spectrum has a form
characteristic of a 7-allyl complex with symmetrical
ligands (AKX, spin system), on raising the temperature
the doublets due to the cis- and trans-protons initially
broaden, then approach one another, and finally merge at
—40°C, the width of the signal in the transition region being
independent of the concentration of the compound!24,

When the temperature is raised further to -10°C, the
signal, which is now associated with all four terminal
protons, consists of a distinct doublet, while the signal
due to the central proton consists of a quintet (at a low
temperature this is a nonet) (Fig.4). Thus at -10°C the
spectrum already belongs to the AX, spin system. This
shows that under such conditions the terminal protons of
all the allyl groups of tetra-allylzirconium are equivalent.
The following factors are important for the understanding
of the mechanism of this process: (1) when the spectrum
changes from AK,X, to AX,, the screening of the central
proton remains unchanged; (2) at -10°C the doublet due
to the terminal protons occupies a position in the spectrum
intermediate between those of the doublets of the cis- and
trans-protons in the low-temperature spectrum; (3) the
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JH(A)-H(X) coupling constant for the AX, spectrum is
equal to half the sum of the constants Jyy (cis) and
JHH (trans) for the AKX, spectrum.

An analogous spectral pattern was observed in the study
of certain other symmetrical allyl derivatives with a
delocalised C;H,—M bond: tetra-allylthorium (AKX, at
10°C and AX, at 80°C) 37, tetra-allylhafnium (the AX, spin
system is already observed at —72°C) 3%, and allyl-
lithium (the AKX, — AX, transition occurs at about
-87°C) %, Above 90°C the AK,X, — AX, transition is also
observed in the spectrum of the compound [(C;H,),RhCl1], but
this is probably a not altogether apt example, since the
pattern may be complicated by the dissociation of the
Rh~-CI bond %,

Il H(A) H(X)

! L
60 40 206

Figure 4. NMR spectrum of the compound (7-C;H,),Zr
at —20°C (AX, spin system) 3,

The averaging out of the chemical shifts of the cis-
and lrans-protons and of the spin—spin coupling constants
has been frequently observed also in the NMR study of
asymmetric derivatives with a delocalised allyl—M bond,
in particular in the study of the phenylallyl compounds of
alkali metals!!’. Thus on raising the temperature the
distinct signals associated with the two H(K) and H(X)
protons, non-equivalent at 5°C in the 1-C;H,CgH,Li spec-
trum, begin to broaden and gradually approach one
another and at 90°C become spectroscopically indistin-
guishable, the process being reversible [structure (XXV)]:

_ 5 H(K)
| A R
: rI(P) } H(X)

JA
(XXIV) (XXVI)

Probably the temperature-dependent averaging out of
the chemical shifts of the cis- and {rans-protons is deter-
mined to some extent by the 1.5 bond order of the delocal-
ised allyl-M bond. It may be supposed that the degree
of its double-bond character will be variable and will
depend on the nature of the substituent in the ligand and
at the metal, on the electron-donating capacity of the
metal, and many other factors. Thus under certain con-
ditions the 1.5 order of the delocalised bond can apparently
only hinder internal rotation about the C--C bonds but can-
not prevent it altogether.

Thus the temperature-dependent effects observed in the
study of the NMR spectra of the allyl compounds under
consideration may be caused entirely by changes in the
rate of internal rotation of the CH, groups about bonds
joining them to the central carbon atom [structures (XXIV)
and (XXV)] %,%,12¢, It is useful to note that such effects
have so far been observed in compounds of both transition
(zirconium and thorium) and non-transition (lithium)
metals, where on formation of a delocalised bond the

(\XV)
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d electrons of the metal cannot participate in the formation
of dative bonds with the ligand ¥, which would favour the
fixation of its position in space relative to the metal atom.
In the spectra of the derivatives of many other metals, for
which the formation of dative bonds is not excluded, the
temperature-dependent changes were not observed {the
spectra of CgH,Mo(CO), at 160°C ¢, (C;H,PdCl), at

150°C <8, (C H s)sMo at 170°C « and C H Rh[P(C H,),], at
130°C "8 have been investigated;.

A reversible change in the allyl component of the spec-
trum was observed in the study of the 7-benzyl derivatives
of molybdenum, tungsten, and palladium, 3,25,!1%, For
example, in 7-C,H,CH,Mo(CO),-7-C.H, the screening of
the CH, protons is averaged out when the temperature is
raised from —30° to 64°C. There are also corresponding
changes in the signals of the phenyl protons. Under these
conditions, the average chemical shift of each pair of
protons [CH,-, 2—6, and 3-5; structure (XXVI)] is
exactly equal to half the sum of the initial shifts®. King
and Fronzaglia® suggested that this effect is caused by
the rotation of the benzyl ligand about the 1 -7 axis. They
did not exclude also alternative mechanisms, in particular
a mechanism with a postulated intermediate formation of
a o-type compound. The latter mechanism has been
supported by Cotton and Marks 2. We may note that in the
spectra of certain #-thienyl derivatives of molybdenum no
changes were observed in the temperature range between
—60°C and 105°C 118,

VII. SPECTRA OF #-ALLYL COMPOUNDS IN THE
PRESENCE OF BASES

In 1961 Chien and Dehm!34 observed that, when the
solvent is changed (chloroform replaced by dimethyl sul-
phoxide), the NMR spectrum of (C4H, PdCl), alters sharply.
In the case of an unsubstituted #-allyl ligand this transforma-
tion consists of a change of the spin system of the allyl
components of the spectrum from AKX, to AX,; corre-
sponding changes have also been observed for 1- and
2-substituted allyl groups. Subsequently quite a few papers
have been published on these changes, which were observed
in the NMR spectra of the 7-allyl derivatives of palladium,
platinum, rhodium, and other transition metals under the
influence of bases (sulphoxides, phosphines, arsines,
Stibines, Etc.) 13,48 ,62,66 ,m ’69 "18,82’112’114,1 22,124-1 26 ,185-139.

Formally these are the same changes which occur in the
spectrum of tetra-allylzirconium on raising the tempera-
ture, i.e. the equalisation of the screening of the cis- and
trans-protons is accompanied by a simplification of the
spin system of the spectrum (AKX, — AX, for symmetrical
w-allyl derivatives and AGKPX — AKX, — AX, for asym-
metric derivatives). In fact the situation is much more
complexi.

i In recent years the term “dynamic allyl” 37 has been
frequently used in the literature to designate anew (apart
from the o- and n-allyl derivatives) type of allyl com-
pound. Usually this term designates any situation (associ-
ated with the solvent, temperature, etc.) which leads to
the appearance in the NMR spectrum of an AX, spin system.
However, examination of the corresponding data shows
that a new “dynamic” type of allyl compound does not
exist, just as compounds of the 7, o~type apparently do not
exist. In fact there is only a group of phenomena, fre-
quently of a different nature, which have the same spec-
troscopic effect. Therefore further use of the concept
“dynamic allyl” does not appear to be justified.
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Chien and Dehm!3 guggested that the #-allyl derivatives
of palladium are wholly converted into the o-form on
dissolution in a solvating medium and in this form can in
fact undergo the rearrangement (1) put forward by Nord-
lander and Roberts™ in the discussion of the spectra of
the allyl derivatives of magnesium. However, subse-
quently it was found that mixed compounds of (7-allyl -
PdCl), with dimethyl sulphoxide and other bases (phos-
phines, etc.), i.e. compounds of the type C;H,PdC1B, are,
in fact not o- but #-allyl complexes—symmetrical or
asymmetric,%,112,187  Therefore the observed effects
were explained not by complete transformation of the com-
pound into the o-form but by the formation of o- or
w, o-complexes at a very low concentration, which is,
however, sufficient to promote the interchange of the cis-
and trans-protons [Eqns. (2)—(4), M = Pd or Ni]4,%,112,
125,126, Moreover, Becconsal and O'Brien!% pointed out
that these effects can be accounted for by rotation about
the C —C bond.

>=g,(M == M%ﬁ< ’
= Y *
’ ! / cl | / Cl
q oA A e
' M == M == = 66,112,113 2
‘i\i\s §\B X s \ N (@
. .
cl r
+ B wle 7= —(m¢ < B, sse (3)
Z N N

7oA <l ’ a
I m P —
{\B T NF B l\M Ng C o (4)

Among the various mechanisms of the rearrangement of
the n-allyl derivatives of transition metals to o- or 7, 0-
complexes, proposed to account for their spectroscopic
behaviour in the presence of bases [Eqgns. (1)—(4)], the
mechanism of type (3) is particularly successful. Essen-
tially this mechanism represents the 7-o transformation of
the molecules investigated with retention of the coordina-
tion number of the transition metal owing to the simulta~
neous formation of an M—B bond and constitutes a special
process, the converse of the transformation of the o-allyl
derivatives of iron, manganese, molybdenum, and tung-
sten into #-allyl derivatives?!,®~1°:

Y
>/§(r~/\—co”—“>- (‘\M + co. (5)

Therefore it might have been expected that the allyl
compounds of “pentacoordinate palladium” or nickel
isolated in a pure form are in fact o-complexes. For
nickel, such C;H,NiClB, complexes were obtained (B =
phosphine or phosphite), but their investigation did not
confirm the above hypothesis. It was found that the
spectra of derivatives with ligands such as P(OC.H,), and
P(Cg¢H;)s do not differ from those of the corresponding
w-allyl derivatives of tetracoordinate nickel: the AKX,
spin system was transformed into AX, only in the case
where B = P(C,H;);. °% An analogous conclusion follows
from the spectroscopic data for and the structural investi-
gation of other allyl compounds of pentacoordinate
nickel40,141,

Strictly speaking, the spectral spin system AX, is too
symmetrical to indicate unambiguously any one dynamic

74,134 (1)

e
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process. In principle, several such processes are com-
patible with a spectrum of type AX,. Moreover, in solu-
tions of m-allyl derivatives of palladium, nickel, rhodium,
and certain other metals in the presence of bases, the
exchange reactions (6)—(11) occur or can occur (here

M = Pd; X = halogen, SCN, etc.; B = DMSO, phosphine,
amine, etc.).

These reactions do not relate directly to 7—o rearrange-
ments and in any case can occur without the participation
of allyl—M bonds. However, they can also cause the
merging of the signals due to the cis- and {rans-protons
in the NMR spectrum %!,66,60,157,143,
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N \B \ \)2
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It must be emphasised that the structure of the trans-
ition state in reactions (6)—(11), their stereochemical
results, and similar problems associated with their mecha-
nism have only now begun to be seriously investigated by
various procedures including the NMR method!4®. For
example, it has been found that the rate of exchange

_ depends on temperature, the concentrations of the 7-allyl

compound and the base, and other factors. A clear
similarity of these compounds (lability of the M—X bonds,
their capacity for exchange reactions, etc.) to organic
derivatives of non-transition metals, for which exchange
reactions have been investigated fairly thoroughly by the
NMR method (see, for example, Brown'4%) has also been
observed.

Thus the problem of the causes responsible for the
changes observed in the NMR spectra of certain 7-allyl
derivatives of transition metals under the influence of
bases remains at present unresolved. Such a cause may
be the internal rotation of the allyl ligand about the
C~C bond, which is facilitated by the donor —acceptor
interaction between the metal and the base. Another cause
may be exchange reactions of types (6)—(11). Finally the
changes may arigse also as a result of 7—o rearrangement,
but so far no evidence has been obtained by the NMR
method indicating the formation of a o-complex under the
action of bases which would not be susceptible to some
other interpretation.
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IX. THE NATURE OF THE ALLYL-METAL BOND IN
CERTAIN NON-TRANSITION METAL (LITHIUM, MAG-
NESIUM, ZINC, AND CADMIUM) DERIVATIVES.

According to NMR spectroscopic data, an allyl-Hg

o-bond is formed in allyl derivatives of mercury!7,% 146,147,

Triallylboron below —65°C !4,:4¢ and other allyl compounds
of boron!4%,!5¢ have similar structures. However, the
spectroscopic behaviour of allyl-lithium suggests the
formation of a delocalised bond in this compound®. In
the study of the derivatives of certain other non-transition
metals with an allyl—-M bond (M = Lij, 17,1517153

Mg, 74,154-157 Zp, 158,159 or Cd ') it was found that, as in
the case of allyl-lithium, close to room temperature the
NMR spectrum has an AX, spin system for compounds
with an unsubstituted ligand and the corresponding spectral
pattern for substituted ligands.

To explain the spectrum of allylmagnesium bromide,
Nordlander and Roberts’ examined three possibilities:

(1) the establishment of rapid equilibrium between two
o-structures [Eqn. (1)]; (2) the formation of a structure
with a delocalised allyl ~M bond in which there is rapid
rotation about C—C bonds [structure (XXIV)]; (3) the
formation of an ionic bond.

In principle, neither Roberts '8! nor other investigators
(see, for example, Lanpher!®2) excluded the possibility of
the formation of a delocalised bond of type (II) by non-
transition metals. However, since the bond order in
such compounds should be greater than unity, Nordlander
and Roberts’ disregarded the second and third possibil-
ities and subsequently interpreted their experimental data
only from the standpoint of the formation of a o-structure |
undergoing rapid 1,3-transformations [Eqn. (1)]. This
view was also adopted by many other investigators!5!,'53,
although in recent years it encountered objections from
supporters of the formation of an ionic bond®,!17,!58,160,

During the last decade extensive data have accumulated
in the literature on the NMR spectra of allyl derivatives of
transition and non-transition metals. The hypotheses
concerning the structures of these compounds have also
undergone a definite change, Moreover, experimental
spectroscopic studies on organic and organometallic com-
pounds showed that, when the order of the bond under con-
sideration is greater than unity and less than 2, rotation
about it is not precluded, for example in the compounds
(XXvIH), % (XXVIOI, M = Li), !7 (XXIX) %, and even in
classical olefinic derivatives !5:

R.\céfu\n”
i

i
cr(co),
(XXIX)

L1 = "/M\
(XXVvIn (XXVID

Therefore it appears necessary to reconsider the possi-
bilities proposed by Nordlander and Roberts” and to
determine which of them is most acceptable in the light of
the available facts.

It has been suggested® that in CgH;Li the delocalised
bond is ionic. Probably this involves some exaggeration.
It is known that organic derivatives of lithium do not
dissociate into ions. For example, the C;H,Li molecule,
like C;H,Na, has the C,, symmetry and not Uy, as might

have been expected if it dissociated into ions (a D, sym-
metry has been established for C;H.M with M = K, Rb,

or Cs) 1%, An analogous result was obtained in a study
of the Li-NMR spectra of fluorenyl-lithium!¢’. In cer-
tain organolithium derivatives the metal —carbon bond may
be significantly covalent [for example, in a study of the
tetramer (CH,Li), it proved possible to observe 3C-"Li
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spin—spin coupling #8,2% ], Thus it is probably more
justifiable to speak not of an ionic but of a fairly polarised
bond (in the sense allyl®~ ~M®"). Then the allyl deriva-
tives of the metals considered may be discussed from a
single standpoint, We shall assume that magnesium,
zinc, cadmium, and similar metals, as well as lithium,
are capable of forming a delocalised allyl-M bond. We
shall also postulate that the delocalised bond in any real
compound is always polar to some extent and the degree of
its polarity depends on the electropositivity of the metal,
the nature of the substituents in the ligand and the metal,
the nature of the medium, and other factors.

Apart from the effect of other factors, the steric
stability of the allyl -M fragment in transition metal
derivatives can be achieved also as a result of the parti-
cipation of the metal d electrons in a dative interaction.
For allyl compounds of non-transition metals, such a
stabilising factor may be the amount of double-bond char-
acter of the C--C bonds of the ligand, which in turn is a
function of the electropositive properties of the metal.

Table 9. Chemical shifts of the methylene protons in
certain allyl compounds of non-transition metals.

H(A)

>)\<u<x)
M Nbw)

Compound | Solvent |OH(K, L) Electronegativ;ay
of metal £ M
C.H,Li THF | 2479t 1.0
(C3Hg)eMg THF 2.45167 1.2
(GHgazn | oD 2 96158 1.6
(CsHs):Cd | THF 2 .86160 1.7

Table 9 shows that the screening of the terminal protons
in non-transition metal derivatives varies in parallel with
their electropositivity:

Li>Mg> Zn ~ Cd

enhancement of screening and the electropositivity of the metal

-

Consequently, the amount of double-bond character in
the allyl group should decrease from lithium to zinc and
cadmium with a corresponding increase in the rate of
internal rotation. The experimental data do not contra-
dict this conclusion. On lowering the temperature to
~87°C, “freezing” of internal rotation [structure (XXIV)]
is observed in the spectrum of allyl-lithium. Spectro-
scopically this is shown by a separation of the signals due
to the cis- and {rans-protons and in a change of the spin
system of the spectrum (AX, — AK,X,) ®*. For cadmium
and magnesium derivatives, such “freezing” has not so
far been achieved even at a lower temperature (diallyl-
magnesium at -120°C in tetrahydrofuran'®’, allylmag-
nesium bromide at —80°C in ethyl ether!5%, and diallyl-
cadmium at ~100°C in tetrahydrofuran!®® have been
investigated).

Over a wider range of variation of the amount of
double-bond character, observations are also consistent
with predictions. Thus, while for allyl derivatives of
lithium, including asymmetric derivatives!!?, internal
rotation may be “frozen” by varying the temperature, in
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studies on asymmetric allyl derivatives of more electro-
positive metals [potassium and sodium—structure (XXV)]
internal rotation was not observed even at a fairly high
temperature!1?.

We may note that for allyl compounds of magnesium
and cadmium it is possible to raise the “freezing temper-
ature” of the spectral pattern, for example by introducing
into the ligand electron-donating substituents capable of
increasing the amount of double-bond character of the
C..C bonds. This phenomenon was observed, in par-
ticular, by Roberts and coworkers!5 in a spectroscopic
study of 1,1-dimethylallylmagnesium bromide (XXX):
when the temperature is reduced to only —26°C, the
splitting of the signal due to the methyl protons into two
components, associated with the cis- and frans-groups,
is already observed:

H

H3C>/‘\<H “3(:\ H"’C\
2 C=C—CH,MgBr +— C—CH=CH 12
e/ Mg Ny or e A o (12)

HyC H,C

(XXX) © MgBr
H
Hata A M
DaTh b o Hy;C—CH=CH—CH,MgBr & Ha(I—(fH—CHz(ZH?. (13)
(XXXI) MgBr

The molecular structures of 1-CH;C,H,MgBr and
1,1-(CH,),C,;H;MgBr merit special examination. The
gpectra, investigated by Roberts and coworkers!54,!%5,
are fully consistent with the structures (XXXI) and (XXX)
with a delocalised allyl—M bond if it is assumed that the
rate of rotation about the pond of order 1.5 varies in the
sequence

H H ch,
4 > Caac
NH CH, CH,

Roberts and coworkers interpreted the spectra obtained
in a different way. They suggested that each of the com-
pounds considered constitutes one of two possible non-
equivalent o-structures, which are interconverted at a
high rate. To reconcile this possibility with the observed
spectral patterns, it was suggested that equilibria (12)
and (13) are almost entirely displaced to the left.

However, whereas previously both possibilities
[delocalised structures (XXX) and (XXXI) or equilibria (12)
and (13)] might have been regarded as at least equally
probable, although only one of them had been considered,
further investigations®,!17,163-165 ghow that there is no
justification for rejecting the very possibility of rotation
about a C~C bond of order 1.5. There are no other
objections to the formation of a delocalised bond. On the
other hand, equilibria (12) and (13) are not altogether
consistent with the spectroscopic and chemical features
of the compounds examined. For example, the NMR
spectra undergo hardly any changes when the temperature
is reduced [if one disregards the splitting of the signal due
to the methyl groups inthe spectrum of 1,1 -(CH,),C;H;MgBr],
although the screening of the CH, protons cannot fail to
change under these conditions. The assumption that
equilibria (12) and (13) are almost completely displaced
to the left over the entire temperature range investigated
is inconsgistent with the results of the analysis of the
decomposition products, for example, butenylmagnesium
bromide 6,

Investigations in the next few years, in particular
structural studies by diffraction methods, will show which
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view is closer to the truth. However, even if the hypoth-
esis of the formation of a delocalised bond in the allyl
compounds of lithium, magnesium, zinc, and cadmium is
confirmed, there will remain many other problems the
solution of which is at present not evident: association of
the compounds considered, the role of the solvent in the
formation of a 0~ or delocalised structure, the relation
between the intramolecular and intermolecular bonds, etc.

X. METALLOTROPY IN ALLYL DERIVATIVES OF NON
TRANSITION METALS

It is not claimed that the view put forward in the pre-
ceding section is of completely general validity. It
merely shows how the possibility of two interpretations
(on the basis of the published NMR data) of the structures
of theallyl derivatives of magnesium, zinc, and cadmium—
with a localised or a delocalised hond——gives rise as a
consequence to two interpretations of the dynamic
behaviour of these compounds—a metallotropic 1,3-tran-
sition [Eqn. (1)] or rotation about the C-C bond of order
1.5 [structures (XXIV) and (XXV)].

Continuing this analysis, we also find it necessary to
conclude that the mechanism of metallotropic transforma-
tions of those derivatives for which a o-structure could be
reliably demonstrated§ is not also not unambiguous.
There are at least two possibilities;

{ }/M%‘V
NN
P = YA (15)

The only difference between them is in fact that in one
case the formation of a delocalised bond is suggested in
the transition state and in the other in the ground state
[Eqns. (14) and (15)].

As a rule the mechanism represented by Eqn, (14) is
considered, in particular in the discussion of the NMR
spectra of the allyl derivatives of boron!4#%°, It was
found that below —65°C the spectrum of triallylboron has
an AKLX, spin system corresponding to the allyl —boron
o-bond. On raising the temperature to room temperature,
the signals of both methylene groups become broader and
on further increase to 135°C two symmetrical signals of
the AX, spin system appear. In the high-temperature
spectrum the chemical shift of the methylidyne proton H(A)
remains virtually unchanged but the form of the signal
becomes simplified. The chemical shift of the protons H(X)
amounts to approximately half the sum of the shifts of the
methylene protons of both types in the low-temperature
spectrum (KLX, — X,). In the study of other allyl deriva-
:ives of boron similar changes in the NMR spectrum were
ound.

Certain characteristics of the rearrangement of the
allyl compounds of boron have been elucidated!4,!5°, In
particular, it has been found that the rate of rearrangement
of triallylboron in carbon tetrachloride or cyclohexane is
independent of concentration, which indicates that the

' (14)

§ For example the allyl derivatives of boron!4,:48~1s0,
diallylzinc in solvating media at a low temperature$7,!",
indenyl derivatives of mercury at 41°C ? and of
tin(IV) at —37°C 30, etc.
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rearrangement is intramolecular. Solvating solvents
(tetrahydrofuran and in particular pyridine), which are
capable of being coordinated to a vacant orbital of boron,
appreciably retard the rearrangement. The rate of the
process depends also on the structural characteristics of
the compound:

l JB—CH,—CH=CH, < (CH;=CH—CH,);B < R«@B—-CH,—CH#HQ.

These data lead to the suggestion!* that the 1,3-transi-
tion (it can hardly be called metallotropic because boron
is not a metal) in allyl derivatives of boron takes place
via a transition state with a delocalised allyl—boron bond
[Eqn. (14)]. However, it must be emphasised that the
available NMR spectroscopic data do not yet allow a
distinction to be drawn between a rearrangement of this
type and the interconversions of the two forms of the com-
pound considered in which there is a localised or a delo-
calised bond [Eqn. (15)]. This applies also to the rear-
rangement of the indenyl derivatives of tin3°, mercury?®,
and similar systems. Probably future spectroscopic
investigations will demonstrate the reality of both pro-
cesses or it will be possible to choose between them.
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