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The tempelotwe d€perdelce of the rH nInI sp€ctum of tetla(t'itraptoallyl)zirconium(Iv) (5) in CFCIs solution demon-
states that the ryn atld arti plotorls of the allyl moietier interchange. The exp€rimetrtal specira of the cental proton (Hr )
of th€ allyl goup were comparod with line shapes calculat€d .ssuming two limitiry types of interchange schemes: one (a
"co.c€rtod" schome, eq 3) in which interchalue occurs simultane.usly at the two etds of thc allyl goup and a second
(cdled a "o,r" schcme, eq 1) in which interchange occuls al one end of the allyl Sroup at a time. The latt€r scheme leadt
to calculated spectra in good ageement with the expetimental rpectra; the fotm€! does not. Calcuhtions performed at
several leyeb of completenesr were compared in an effolt to identify qualitatively those spectral pa.tdmelers rcquired to ob
tain agleement betweon calolated and observed spectra, in the relatively complex coupled spin rystem provided by 5. A
very simple classical desdiption utilizinS only large coupling constrnts is caprble of desGibing all of the feature$ of the spec-
trum qualitatively; however, inclusion of small couplingr fu roquired for gonoration of calculated spectra in qualrtitative
agrcement with observed spectla. Although the clasrical description cannot be used for fmal sp€chal lefinement, it none-
thele$ ptovides a compreheNible picture of the physical processes underlying the dynamic lhe dtap€ behavior of 5.

Introduction
The occurrence of reactions resulting in the interchange of

syn and anti hydrogens of trihoptoallylmetal complexes is
widespread, and these reactions have been extensively studied
using dynamic nuclear magnetic resonance spectroscopic
techniques.3 Three basic classes of mechanisms have been
proposed for these interchange reactions. The first consists
of transformation of the trihaptoallyl moiety (l) to a mono-
lwptoallyl group (2), rotation within 2 through 180" around
the CH-CH2M carbon-carbon single bond, and reversion to
atrihaptoallyl complex (eq l). The second requires equilibra-
tion of 1 with a l,2dihaptoallyl complex (3), rapid rotation
around the carbon-carbon bond connecting the coordinated
vinyl group with the unattached methylene group (eq 2), and
return to 1. The third consists of isomerization of I to a 1,3-
dihaptoallvl complex having the three carbon atoms of the
allyl group and the metal atom in a common plane, followed
by return to I (eq 3).

moiety in the region of intermediate interchange rates have
firmly established the first mechanism (eq l, hereafter referred
to as the "o,T mechanism") as that responsible far the dy-
namic spectral behavior of the great majority of these com-
pounds in the presence of added basic ligands.3'a However,
the mechanisms represented by eq 2 and 3 have also been
invoked in discussions of dynamic spectral behavior of
trihaptoallyl compounds, not only in the presence of added
bases but also in the absence of added donor ligands, although
without convincing experimental basis.s-e The problem of
identifying the mechanism responsible for dynamic behavior
in solutions containing added bases is clearly one which
cannot be solved using the techniques employed in their
absence,2-4'7 since the addition of donor ligands to a solution
containing a trihaptoallyl organometallic reagent could in
principle iead to a change in mechanism from that represented
by eq 3 to that of eq I or 2. However, the mechanism of eq
3, hereafter referred to as the "concerted mechanism," differs
fundamentally from that represented by eq I or 2, in that the
interchange of both pairs of syn and anti protons at the
termini of the allyl moiety occurs simultaneously in the for-
mer, while the interchange of syn and anti protons in the
latter is restricted to one terminus at a time. The extent to
which the motion resulting in proton interchange at one end
of the allyl group is correlated (or anticorrelated) with that
at the other end thus provides a possible basis for distin-
guishing between these two classes of mechanisms.l0

In this paper we report the results of a reexamination of
the dynamic nmr spectrum of tetra(trihop to allyI)zirconium-
(fD (5) in fluorotrichloromethane, first discussed by
Becconsall, Job, and O'Brien,? and a full interpretation of the
dynamic line shapes observed for this compound in terms of

(4) For examples, see K. Yrieze, A. P. Praat, and P. Cosee, "I.
Organometal .  Chem.,  12,533 (1965);  F.  A.  Cotton,  J.  W. Fal ler ,  and
A. Musco, Inorg.  Chem.,6,  179 (196'7) ;  J .  W. Fal ler ,  M. J.  Incorv ia,
and  M.  E .  Thomsen ,J .  Amer .  Chem.  Soc . ,9 l ,  518  (1969) ;  J .  W.
Fa l le r  and  M.  E .  Thomsen ,  i b id . ,  91 ,  6871  (1969) ;  D .  L .  T ibbe t t s  and
T. L.  Brown ,  ib id. ,  92,  3O3l  (  1970);  and references in each.

(5)  Cf . the remarks of  F.  A.  Cotton in the discussion fo l lowing
the article by G. Wilke, Proc. Robert A. Welch Found. Conf. Chem.
R e s . , 9 ,  1 8 4  (  1 9 6 5 ) .

(6)  F.  De Candia,  G. Magl io,  A.  Musco,  and G. Paiaro,  Inorg.
Ch im.  Ac ta ,2 ,  233  (1968) .

(7)  J.  K.  Becconsal l ,  B.  E.  Job,  and S.  O'Br ien,  J.  Chem. Soc.  A,
423  (1967) .

(8)  G. Wi lke,  et  a l . ,  Angew. Chem.,  Int .  Ed.  Engl . ,5,  l5 l  ( t966).
(9)  K.  C.  Ramey, D.  C.  L in i ,  and W. B.  Wise,  J.  Amer.  Chem.

,Soc . ,  9O,  4275  (1968) .
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Nmr studies of the influence of added ligands on the rates
of syn-anti interchange and of the influence of chiral ligands
on the spectral changes characterizing the trihaptoallyl

( l )  Th is  work  was suppor ted  by  the  Nat iona l  Ins t i tu tes  o f  Hea l th
(Grant  HL 15029) ,  the  donors  o f  the  Pet ro leum Research  Fund,  ad-
ministered by the American Chemical Society (Grant 4032), and the
Nat iona l  Sc ience Foundat ion  (Grant  GP 31930) .

(2 )  Nat iona l  Ins t i tu tes  o f  Hea l th  Predoc tora l  Fe l low,  1967-1968.
(3 )  For  recent  rev iews,  see J .  W.  Fa l le r ,  M.  E .  Thomsen,  and

M .  J .  M a t t i n a ,  J .  A m e r .  C h e m .  9 o c . , 9 3 , 2 6 4 2  ( 1 9 7  I \ ;  L .  A .  F e d o r o v ,
R u s s .  C h e m .  R e v . , 3 9 , 6 5 5  ( 1 9 7 0 ) ; P .  M .  M a i t l i s ,  " T h e  O r g a n i c  C h e m -
is t ry  o f  Pa l lad ium,"  Vo l .  I ,  Academic  Press ,  New York ,  N.  Y . ,  19? I  ;
K. Vrieze and P. W. N. M. van Leeuwen, Progr. Inorg. Chem., 14, I
( 1 e 7 1 ) .
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the extent of correlation of the proton-interchange processes

occurring at the ends of its allyl groups. This w-ork illustrates

a techni{ue that can be used quite generaliy to distinguish

between the two types of mechanisms represented.by.eq 3

*ouyeq land2" tha tdoesnot re lyon in fe r r ing thebehav io r
of the organometallic compound in the absence oi added

ftg""a, fr"om its behavior in their presence' In addition' it

provides an opportunity to compare the results of approxi

lrur. und ..coniplete" ialculations of interchange-broadened

l ineshapesandtoes tab l i sh theex ten t towh ichsmal lsp in -
spin coupling constants may determine mechanistically im-

il;i;ie.;u'it, of these line shapes in tightly' coupted spin

systems.

Rezults
The I H nmr spectrum of 5 in fluorotrichloromethane

changes from a typical AX+ pattern at the fast-exchange

ii"ri i?zo;; to anAMzX, spectrum at -80o (6e 5 '24'6M

;.iJ, o" t .g}).t ' ' t t rn. oo*nfield portion of the slow-

exchangespect rumof5 ischarac ter izedbyat r ip le to f t r ip le ts
?

,JLr,n o'n-

/ /
3 3

Krieger, Deutch, and Whitesides

in the region of intermediate exchange rates'
procedure fo, si"ctial simulation. spectra were calculated

for theHl resonanceof5us ing thedens i tymat r ix techn ique
of Kaplan and Nexander.13 ihir upptoach is based on solu'

tion of the phenomenological equation of motion of the

d.J; ; ; i l0" ( .qt \  
"" ;  

K--Ko *Kt istheusual

A= i tp .Kt  -  pr rz .  (P)  (s)
D r  

'  r t - L  

\ U T e x c h a n g e

Hamiltonian describing the interaction of the nuclear spins

with the external magietic field, with the driving radiofre-

lu.n.y field, and with one another through spin-spin

Jouptingr; plTz describes relaxation effects in the absence of

thepro ton in te rchangereac t ionsof in te res t ;andthe las t
term defines the inflr ience of this interchange on p'la

When p is expressed using the eigenfunctions r/ of IC6 as

basis functions. eq 5 assum-es a form that is particularly easily

interpreted physically' Call ing the nuclear spin product func-

tions f . these ergenfunctions cin be expressed in matrix form

by eq 6. The influence of a process resulting in mutual inter-

0  = H Q  ( 6 )

changeofpro tonsontheproduc t func t ionsQcanbedescr ibed
by an equition of the form of eq,1 , following the permuta-

?

3

concerted

(7)
Q^n", 

= Xqdb"fo'"
interchange interchange

5

with-Irz = Jr3 =9'2Hz andJrc =Jrs = l6 '0 Hz'  There is no

direct evidence in the slow-eichange spectrum of four-bond

couptings exceeding ca. 2.0 Hz in magnitude betw.een the

pi"io"Jof the metf,ylene gro-ups' Nonetheless' the widths

of the lines are suchihat smalliouplings would not !e ob-

served directly, and indirect evidence cited below indicates

that these couplings are important in determining line shapes

(10)  In  p r inc ip le ,  add i t iona l  f ine . i l i s t inc t ions  cou ld  be  drawn in

portufui i"g i"ectr i" isms result ing in the same permutational result as

t h a t c h a r a c t e r i z i n g e i t h e r t h e o , t r o r c o n c e r t e d m e c h a n i s m s ( e q 3 ) '
Thus ,  fo r  example ,  a  var ie ty  o f  reac t ions  cou ld  be  imag ined tha t  t rans-

fer al lyl ic hydrogen from one carbon to another'  We exclude al l  such

* . . t  u r r i r - i  as  phys ica l l y  unreasonab le '  Fur ther . ' * ' i th in  the  c lasses

of reaction which f"uu" C-ff  bonds intact '  i t  is a piori  possible that

;-p;; ; ,  result ing in simultaneous interchange of both sets of termin-

a l  methy lene pro tons  migh t  take  p lace-by  the  mot ion  descr ibed in  eq

l,  i"  *t t i" t t  tn" ait"" i i"n"of rotat lon of both methylene groups is the

, " - l  i i l ,  o t  by  another  type  o f  mot ion  ( i i ) ,  in  wh ich  the  methv lene

tion procedure originally introduced by Kaplan and

Ai;;;;;;f ' rhJt"fttscript q of the matrix Xq is an index

used to label a particuiar interchange process in instances in

which several are possible. The corresponding change im-

posed by the proton interchange on the eigenfunctions is

ti*" UV eq 8 and reflected in p for cases involving mutual

Q *t , = Rqgb"for" = H'Xq'H-Vo"rot" (8)

interchange interchange interchange

exchange, again using procedures outlined by Alexander'13

Uy foui.qtiivalent .iptettions (eq 9)' In these equations'

ti"o i, the pseudo-firit-order rate constant for the qth inter-

changeprocess .andthemat r ixo fcoef f i c ien ts ineq9d is
named the kinetic exchange matrix K'ls

(9interchange

Pafter 
- 

Pbefore
interchange interchange

=
Tq

H

^,)-H

tT-n
H

H interchange

RqPb"for" Rq
interchange

- 
Pbefor"

interchange

Tq

22RtpiP;f.qit- Pt t
qr ,J

Tq

(ea)

(eb)

(e.)

(ed)

i u

groups rotate in opposite senses' We believe the type of mechanism

represented by ii to J"-u"t"utortable in the particular system under

study. More generuily, th" distinction of two permutationally iden-

tical processes difteririg ."fV itt ttt" "mode" of the process' which is

discussed at length in dther-connections IJ' I ' Musher.' J' Amer' Chem'

sii.-,-sq, 5662 (lg'72)l is not presently a useful one in dynamic nmr

,p".iror.opy, sirrc" no techniques are available for their experimen-

tii i., lr".t igli i '"". The two peimutational schemes discussed here are

it," o.fv i itramolecular schemes that leave C-H bonds intact'
" '" 

i;;; i l f;;;^;;e four trihaptoarlvl groups of 5 are magneticallv

equivalent, either as a-resutt of geometrical equivaleng"-"o1.ut a result

of rotation around tft" -"iuf-uilyl bond'12 Below -90" there is evi-

dence of further 0.""0""i"g oi ttt" dolnfield multiplet and upfield

doublets, u."o-pu.,ied by formation of.an additional multiplet at

6 -3.5-4.0.  This sfectrat  change may be due to isolat ion of  a geo-

metric isomer. foJr spectral resolution does not permit further

conjecture.-- 
i;t i"lated effects have been observed in the spectra of tri-

(trti i i ioaltytlrhodiumlttrl: J' K' Becconsall and S' o'Brien' Chem'

Commun. ,72O (1966) .

(13) J.  I .  Kaplan,  J.  Chem' Phys' '  28 '  278 (1958);  22: !9?,

(  1 9 5 8)  ;  S.  Alexande r , -  ;6- ia-- ,  l l ,  g 61, '  s l  + ( I9 62\  ;  38 '  1 ? 8? (  1 96 3)  ;

40 ,2141  (1964) .
( la)  The appl icat ion of  eq 5 to problems of  chemical  exchange in

,,*. 'rp6"iror"6iy has ueen exiensivbly reviewed: (a) C' S' Johnson'

Advan. Magn. Resonance, l ,  33 (1965);  (b)  G'  Binsch'  Top-

Stereochem.,3,97 ti6Zsl; i"l R' M' I--vnden-Bell ' Progr' Nucl' Magn'

R e sonance s p 
" 
c tro si. ', i, ' i  dz' t 19 67) ; i '  o' s t 'ttt"rland' Annu' Rev'

NMR Spectrosc. ,4,<i i i t l '  se9 a1lo^3'  D'  Sul l ivan and J '  R'  Bol ton'

Advan. Magn. nesoii 'c", '4' 39 ,(lg7o.)' and P' W' Watkins' Mol'
' i i i i ., 

l l , i l  (tsol), for related applications in epr spectroscopy'
- '-, 

l ' i  sl-ror furttrei'details of the'background and development of

these equations, consuit itte pn'n' thesis of J' K' Krieger' Massachu-

r" t t r  f  
" t t i tute 

o i  Technology,  Cambridge'  Mass' '  197 1 '

(9interchange

(#)'--"*" = &
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T etr a(t rihap t o allyl)z irconium(Iv) .

In the representation of eigenfunctions of the Hamiltonian,
the off-diagonal elements of p are directly connected to
transitions in the observable spectrum. Since only resonances
with nonzero intensities need be considered in analyzing the
line shapes of exchange-broadened spectra and since in conse-
quence only elements of the density matrix corresponding to
observed transitions are coupled in the series of linear equa-
tions generated by the combination of eq 5 and 9, it is
sufficient to limit consideration to these elements of p in ob-
taining an analytical expression for the line shape. Thus,
assuming that only one type of interchange process is im-
portant in determining line shapes (that is, that two or more
nuclear permutational schemes are not required to charac-
terize the reaction) the index q in eq 9c can be dropped;
further, using a single subscript n to refer to the density
matrix element between the eigenfunction r/1 and rlt r, eqgc
can be rewritten as eq 9e. The element gn now describes a
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combination with the intensities of the l ines, can be used to
give a physically transparent interpretation of the manner in
which magnetization is transferred between lines by the inter-
change process. It resembles closely the procedure used in
the eramination of H2Fe [P(OC, Hs h]o by Meakin,
Muettert ies,  Tebbe, and Jesson.re

Calculated Spectra. Approximate Calculations Based on
Symmetrized Nuclear Spin Wave Functions. Spectra were
calculated for proton H1 of 5 at three levels of complexity:
f irst. the spin system of the allyl moieties was approximated
as an AX2Y2 system, having only ./a1 and -Iay nonzero;
second. the spectrum was simulated as an AM2N2 system,
using correct chemical shifts. but sti l l  assuming nonzero
values only for./ay and /nN.and. third. a "complete" calcu-
lation was carried through, taking into account the effects
oi the small two- and four-bond spin-spin couplings, J6 and
Jzs. Although only the last of these calculations gave spectra
that could be used as the basis for a reliable mechanistic dis-
tinction between the o,n and concerted classes of mecha-
nisms for the proton-interchange reactions, the results of the
simpler calculations are also summarized here for two reasons.
First. these calculations permit a clearer physical interpreta-
tion of the dynamic behavior of the spectrum of 5 than do
the more complex "complete" calculat ions:  and, second, a
conrparison of the spectra obtained at these three levels of
conipleteness, both with one another and with the experi-
mental spectra, provides a practicai i l lustration of the influ-
ence of relatively small coupling constants on the l ine shapes
of t ightly coupled dynamic spin sy'stems.

In the simplest analysis, the resonances observed for H1 can
be interpreted in terms of transitions between easiiy visualized
spin configurations (Figure 1). Thus. the transition occurring
at lowest frequency,labeled I in this diagram, is due to the
11ip of  H1 from a$to an a or ientat ion wi th respect to the
externai f ield, in the magnetic environnrent provided by the
tbur other protons in the molecule.  H, .  H, ,  Ha, and Hr,  each
in o orientations (eq l2), Sirnilarly'. at this level of analysis,
each of the other transitions can be assigned to the fl ip of H1
liom a B to an a state in the presence of some well-defined

p lfa2a3aaas] - ottfaza3 oa o5]

A tX l  +  a lY i

EKn^P^
m (ee)

: )

^=fr', l*"''

P n =  ? n t

single transition in the observed spectrum. and the matrix
elements Kn^ can be considered physically to be rate con-
stants describing the transfer of magnetization from the
transition z to transition m as a result of the nuclear inter-
change.

Using this particular simple form for the exchange term in
eq 5 and evaluating terms due to.]f in the resulting combined
equation with application of the usual high-temperature ap-
proximatiofl,13 a final line shape equation describing the
absorption intensity of the spectrum as a function of the
frequency c^r (in radians per second) can be expressed (eq l0)
in the same form as the equation derived by Sackr6 for mole-
cules lacking spin-spin coupling. Here I = (Ir,12. . ., 1,,) is a

I ( u )  o  R e U . A - r . l 1  ( 1 0 )

row vector containing the intensities (1") of the observed
lines, I is a unit column vector, and A is given by eq I l,

K tz l r  K t t l r
-otz * Krzlr Krtlr
Knlr  -as *  Kxlr ( 1  i  )

where an : 2ni(asn - a) + (l lT)", the asn are the frequen-
cies of the observed lines, and the elements K,r- are the
elements of the kinetic exchange matrix. Equation l0 is
conveniently solved using numerical methods based on the
separation of A into frequency-independent and -dependent
parts, diagonalization of the former, and the use of a diag-
onalizing transformation to effect the efficient inversion of
4 . 1 7 , 1 8

This entire procedure is functionally equivalent to that used
by BinschlT and widely applied elsewhere, differing con-
ceptually only to the extent of a similarity transformation
required to transform from the basis of nuclear spin product
functions to the basis of eigenfunctions of the spin
Hamiltonian. lt suffers in practice from being slightly more
cumbersome than Binsch's procedure but has the com-
pensating advantage that the elements of the K matrix, in

( 1 6 )  R .  A .  S a c k ,  M o l .  P h y s . , l , 1 6 3  ( 1 9 5 8 ) .
(17 )  G .  B insch ,  J .  Amer .  Chem.  Soc . ,9 l ,  l 3O4  (1969) .
(  l8)  R.  G. Gordon and R. P.  McGinnis,  J.  Chem. Phys. ,  49,  24Ss

(1968) ;R .  E ,  Sch i rmer ,  J .  H .  Nogg le ,  and  D .  F .  Ga ines ,  J .  Amer .
Chem. Soc. ,  91,  6240 (1969).

configuration of spins for the 1-our protons Hz, Hs, Ha, ?rrd
Hs. Since we are assuming at this juncture that the spectrum
is first order, each of these transitions can be written as in-
dicated in eq 13, where the function Xj represents the spin
coniiguration of Hr-, . In a full treatment, these functions
would be the eigenfunctlons of the time-independent nuclear
spin Hamiltonian;as a first approximation, we take these 1i
to be simply the symmetrized wave functions for four
protons inC2 nuclear symmetry (Figure 1).2o Each of the
observed transitions is labeled by the appropriate 1; and, for
later reference, by the symrnetry of each of these 1;.

Thus, at the simplest level of interpretation, the observed
spectrum of Hr can be thought of as due to the H, reso-
nances in a mixture of 16 distinct types of z'-allyl moieties
(each differing from the others in the arrangement of the
spins of  Hr,  H.,  Ha, and Hr wi th respect to the external
field and to each other). The problem of interpreting the
temperature dependence of this system of resonances in
terms of o,r or concerted mechanisms then becomes that of

(19 )  P .  Meak in ,  E .  L .  Mue t te r t i es ,  F .  N .  Tebbe ,  and  J "  P .  Jesson ,
J .  Amer .  Chem.  Soc . ,93 ,  4701  (197 l ) .

(2O) I .  W. Emsley,  J.  Feeney,  and L.  H.  Sutc l i f fe,  "High Resolu-
t ion Nuclear Magnet ic Resonance Spectroscopy,"  Vol .  I ,  Pergamon
Press ,  Ox fo rd ,  1965 ,  Chap te r  8 .

(r2)
(  1 3 )
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Figure 2.  Classrcal  representat ion of  the precession of  protons in a

magnetic t-reld.

only tield e\penenced b1'p1 and includes the contributions

of the exrernal magneric field Ho, the modification of this

field due ro elecrr.tnrc screening (described by the chemical

sh i f t te rm) .and iu r thermod i f i ca t ionsdueto ind i rec t in te rac .
tions wirh orher magnetrc nuclei (described by the spin-spin

coupling c.nsranrs),r: A p-spin state is represented in an

analogous nranner (Figure 2). Any reaction that produces

dynamic l ine-broadening effects in a transition of H; occurrin$

ui fr.qu.nc)' c-, w'ill doio by changing Hi,arrd consequently

o)i. Conveiseiy. a process that doesnot change c^r; (such as

the permutarion oi protons in 11 discussed above) wil l not

affect this rransrtron. Sets of two magnetically equivalent

nuclei can also be represented within the same classical pic-

ture. Thus. man)' oi the properties of a l lt/2(otgi + pgi)

spin state can be derived fiom consideration of two magnetic

moment vectors. one c and one p, precessingin phase at the

same angular irequency;a I lJl(o'i | i- | io') state^can be

similarly represented by two vectors precessing 180" out of

phase.2 r

within tl i is classical picture, it is straightforward to ratio-

nalize the inlluence ot'-concerted and o,n proton-interchange

reactions on the spin state 12 and on the transition labeled 2

in Figure l. \\ 'e describ e the l l{z(azlt * lzat)aqe5 cor-

figurition of spins by a diagram which constitutes an obvious

extension of those aiready discussed (Figure 3): t l{Z(arft

* fzo.) is represented by two spins, one CI and one p, preces-

sing in phase under the influence of a local field H * at fre-

qurrr.y(,". and 01oq is represented by two o spins precessing

under the inlluence of a local f ieldf/n at frequencY @y. The

concerted intercflange reaction has the effect of switchin1H*

and Hr; that is. the two pairs of spins simply interchange

prrr.Jrion frequencies without altering phase relations within

ihe pairs. Thus. the concerted interchange reaction has the

effeit of converting the spin configuration y2 into y4'

Describing the int'luence of the o,n interchange on x2 is more

(22)  Sp in -sp in  coup l ing  te rms can be  inc luded in  th is  manner  on ly

in  a i i rs t -o rder  ipec t rum.  tha t  i s ,  in  c i rcumstances  in  wh ich  the  pre-

cession frequency tr i  of proton H; dif fers suff iciently from that of

any  o f  the  o ther  p ro io . t to  wh ich  i t  i s  coup led  tha t  sp in -sp in  cont r i -

b u t i o n s t o t h e m a g n e t i c f i e l d a t t r ; a l o n g t h e d i r e c t i o n s p e r p e n d i c u l a r
to the external magnetic f ield l lo are felt  only as f luctuations occur-

r ing at a frequency too high for lhe precessional motion of p; to re-

,pJ . tA  s ign i f i can t ly .  Under  these c i rcumstances '  the  on ly  de tec tab le

contr ibutions to c^.t ;  from other spins are those result ing from mag-

n e t i c i n t e r a c t i o n s h a v i n g c o m p o n e n t s p a r a l l e l t o t h e d i r e c t i o n o f t h e
ex terna l  magnet ic  f ie ld .
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"r.lao*tnttior 
the H, portion of the spectrum of rcta(trihapto'

ally' l)zirconium(IV) (5).

undersranding how these allyl moieties are interconverted by

rhe rwo distinct types of mechanisms. These lnterconversion

schemes are of coulse readily worked out in any general case

by, the formalism described in eq 6-l l;ho,*'ever. at this level

ui uppto*imation, they can also be derived readily using

tt*pt. physical arguments, and these agruments are sketched

here .
In nmr spectra of the type considered in this work, spectral

iines broaden and coalesce as a result of a dy'namic process

onll' when the precession frequency of the proton(s) whose

,.ronun., is being observed is changed b.v the process' Thus'

ior example, the rate of chemical exchange of protons be-

tween *uitt molecules in a sample of pure water has no in-

tluence on the shape of the water proton signal. since all of

rhe sites connected by the exchange have indistrnguishable

chemical shifts;however, the rate of chemical exchange of

protons in a sample containing water and hydrogen peroxide

determines whether distinct H2O and HrO, resonances, a

single averaged signal, or a broadened internlediate resonance

rs observed, since the precession frequencies of protons on

water and hydrogen peroxide are distinguishable. The transi-

tion labeled 1 in the spectrum of tetra(trihaptoallyl)zirconium

is the resonance of proton I in the characteristic magnetic

environment provided by H2-, in o-spin states' Clearly, no

permutation of these latter protons, whether by o,n or by

concerted mechanisms, will change the environment experi-

enced by H, (eq la). Thus, transition I wil l be unaffected

by either oJr or concerted reactions.

octaa %oooo

X r  X t

( 1 4 )

To rationalize the behavior of the transition labeled 2 in

Figure I (the ll{2P(aP * pa)uan ll1;4c(ap + palao transi-

tion) under the two types of interchange mechanisms in

piryiicat terms, it is helpful to think in terms of an essentially

claisical description of the motion of the nuclear magnetic

dipoie *oln.ni of H1 in the characteristic magnetic field

provided by the spin configuration 12. In a description of

ihir typt, the precession at frequency c,r, of a particular

proton H; in an o-spin state in a local magnetic field ̂ F{ is

iepresentld by the motion of a vector p, srourld the_surface

of u ron. having the effective magnetic field vector H1 as its

principal axis (Figurc 2).21 The field H, is assumed to be the

(21)  For  e labora t ion  o f  the  background and l im i ta t ions  o f  th is

upp. 'ou"h ,  see  W.  Kauzmann,  "Quantum Chemis t ry " '  Academic

P r e s s ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 7  ,  p p  3 0 5 - 3 1 5 '
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n i r - chan ism wou ld  be  found  in  s ta tes  desc r ibed  b ) ' \ , ,  X3 ,  Xa ,  and  1 ,
rr ith equal probability aJ'ter the inrerchanse.

eq  l r a .  o r  p ro ton  2  w i t h  p ro to l l - i .  eq  l7b) .  To  express  the

rnterchange H -, and Ho
(\: )b"ror" = 1l\/-2(ttfr" + lt&o
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Figure 3. classical description of the influence of o,z and concerted
interchange events on the proton spin configuration x, = ll,,fT@p +
6o)ao.

complicated. As a result of an interchange event of this
type, one of the two protons precessing at o)x exchanges
with one of the two precessing at osn;the four classically
distinct spin configurations resulting from this exchange are
indicated schematically in the figure. since there is no rela-
tion between the phases of the pairs of protons precessing at
@x an_d a" before the exchange, the phase within the pairs
after the exchange is arbitrary. Two a spins precessing at the
same frequency are described by the spin funition aq,
regardless of phase; the pairs of c and B spins precessing with
the same frequency are equally likely to have a 0 or lgb"
phase angle between them and are thus described with equal
probability bV l/.,/2(qg + pa) spin functions. Thus, the
influence of the concerted and o,rT interchanges on 02 is
summarized in eq 15 which states, for example, that the spin
configuration represented by x, before inteichange is con-
verted to the spin configuration represented bV Xo by the
concerted mechanism; that is, (Xr)*., interchange :
(Xo)uuto"" interchange. Analogous atgumeriJippty to X:, X+.
and Xs; the results of these arguments are summarized in
Table I.

llt/-2ao(ql+ 0a) 
concerted 

Ut/\o,a * pa)aa 
o{ 

,
xc xz

tll./Tltlo(ap + Ba)aa * tlc(ag- pc)ca +
t lox, t lqxztl+aa(uB + pa!) + l lqoacl\{ -pq)l (ts)I lcXq I lcx,

These same conclusions concerning the influence of the
two possible mechanisms for interchange on the spin func-
tions \1can be reached directly and simply by manipulation
of these spin functions following the procedure outlined by
Kaplan. The concerted process interchanges proton 2 with
proton 5, and proton 3 with proton 4 (eq I 6), while the o ,n
process interchanges one pair (either proton 3 with proton 4,

x2= tl{2(ap + pa)uot= tl{2(ffio, + pfr*,)
f..' irrt"r"t "r,ge 

H, and

f  
u r ;  H .  and  Ho

ya = ll1/-2ac(aB + 0o) = rA/T@qfu * aqqg) (16)

rnterchange H.  and H,

(r7a)

( 1 7 b )

spin tunctions resulting frorn these nvo equally probable o,n
interchanges in terms of  the svnrnrerr ized funct ions used as a
basrs set  (Figure 1),  we take ad'antage oi  the s imple relat ions
in eq 18. Thus, subst i tut ing eq l r  into lJa one obtains eq
lea. and simi lar ly eq l9b f ronr eq I  7b.  Equat ions 16 and 19

gJ = ' lz 
[(40 + PCI) + (a0 - do l]

b = '  I  z[(40 + f ra)  -  (o0 -  i io) ]

(\: )urt", = tl{z(alacr * aoog) : r/:(X: - X: *
X+ -  Xs)

(X: )urt", = tllfZ(aatla + paaa) = | l/X: * X: *
x+ * Xs)

( l8a)

( l8b )

(tea)

( leb )
express the nuclear spin wave functions after exchange as a
linear combination of those before exchange. In order to ob-
tain from these equations the probabirit ies, risted in Table I,
t lrat a molecule originally described by X, wil l appeat irs\2,
X:. X+, or Xs after the interchange event, the coefficients of
these equations are simply squared in the usual manner; in
addition, since 3,4 and 2,5 interchanges are equally probable
in the o,n'mechanism, these squared coefficients are averaged
for each 1;.

Both of these manipulations and the classical physical argu-
ments outl ined above lead to the same conclusions concern-
ing the behavior of transitions 2-5 in the intermediate ex-
change rate;viz., in both the o,n and concerted mechanisms,
magnetization from the degenerate 2,3 transitions will ex-
change with magnetization from the degenerate 4,5 transi-
tions, and the two distinguishable spectral lines observed at
the slow exchange limit will broaden and coalesce with one
another, but not with other l ines in the spectrum, on in-
creasing the proton interchange rates.
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Although the behavior of these lines is qualitatively similar,

the probabilities given in Table I indicate that the response of

rhe line shapes to interchange rate do difler quantitatively

in the two mechanisms. In the o,zr mechanlsm. magnetiza'

tion originating-in transition 2 either remains in this transition

or rransfers to transition 3 in half of the interchange events,

and these events then contribute nothing to line broadening
since no change in the resonance frequencl oi H, is involved;

in rhe concerted mechanism, each interchange event results in

transier of magnetization between magneticalll' distinct sites

and rhus leads to broadening. Nevertheless. t l ie fact that co-

alescence of the 2,3 and 4,5 l ines wil l occur ior a rate of con-
certed interchange half that required for coalescence under
the o.; interchange is useless, since there is no independent
u'av oi measuring these rates. Thus, the behavior of the 2,3

urd 4.5 l ines (and by analogous arguments. the I l. l3 and
l -1.1 5 l ines) cannot be employed in distinguishing between
the concerted and o,n mechanisms.

Srmilar lines of reasoning provide the basis ior understanding
the behavior of transitions 6-11 in the region of exchange-

broadened line shapes. However, an interestll.rg difference in

rhe exchange schemes predicted by the classical physical
argument and that obtained by manipulation of the sym-
merrized wave functions points up the l irnitatrons of the for-

mer. In applying these classical arguments llrst to transition
(r. rhe transition of H1 in the magnetic environment provided

b) H:-s in a ppaa configuration, it is helpful to construct a

diagram (Figure 4) analogous to Figure 3. Clearly the con-

certed process will simply interchange the sites and precession

irequencies of the two q and p nuclei. A o.;r mechanism
* i l l  interchange one CI with one p proton. Since the classical
phase angle between the resulting pairs of o and p nuclei
precessing at the same frequency will assume every value be-

t\\ 'een 0 and 2n, the probabil it ies of generating \-. Xs, Xs,
and 116 from ppca (or from oo09 = 111) are equal. Permuta-
tion of the nuclei using the Kaplan procedure vields an iden-

tical conclusion.
These two procedures do, however, apparently yield dif-

terent predictions when applied to any one oi the transitions

7-10. Figure 5 is an appropriate classical diagram for y1 =
t z(ap + !a)(s$ + 0q). A concerted interchange converts

f - into y1 that is, before and after the interchange event
protons H2-5 are in spin configurations that are identical,
with the possible exception of classical phase shifts that are
undetectable in their influence on the magnetic field expe-
rienced at H1 through spin-spin coupling. The o.a mecha-
nism clearly converts 17 to aq00 and ppoa with normalized
probabil it ies of 0.25 each and with a probabil ity of 0.5 to

spin configurations having paired a and p nuclei. Since the

classical phase angle between the members of these pairs can
assume any value with equal probability. it would appear
that the spin configurations Xt,Xs,1e, and 116 would have
equal probabilities of being created from b bY this mecha-
nism. Nevertheless, application of the Kaplan procedure
leads to the more restricted conclusion that 17 is converted
witlr equal probabilities only to Xo, X1, Xto, and 111 by the

o,n mechanism (eq 20). In this equation, only interchange

of H2 and H5 is considered; the same conclusion is reached

(Xz )u"too = tl ,(af + !a)(qf + 0a)
r \ ' - r fr- \

: ,lr@fiq| + qFFa + gaqf + 0a0a)l
f. irrt"r"t.t g" 

(20)

f ", 
and H,

I I z(Flo,q. + qf\a + gas0 + aaf0)l =

(xr)"t",  = t lr(Q, * Qt -dto * 0rt)
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by allowing H3 and H4 to interchange. Equation 18 per-

mits apga + P""P to be set equal to Qt-Qrc. The results of

similar arguments applied to 0a ,Qe,lf id @1s are l isted in

Table I.
The difference between the classical and Kaplan procedures

for determining the influence of the og mechanism on Xr-

Xro is unimportant in any practical sense in discussing the

spectrum of tetra(rr ihaptoallyl)zirconium at this simplest

level of approximation: the spectra calculated for the o,zr

mechanism are insensitive to the transfer of magnetization be-

tween the four degenerate transitions making up the central

line of the spectrurr..",'o In instances in which these transi-

(23)  I t  i swor thwh i le  po in t ing  ou t  in  th is  connect ion  tha t  th_e pro-

cedure  descr ibed prev ious iy  by  us  to r  ca lcu la t ing  the  dynamic  3 tP

nmr spectrum of (CH.;2NPF4 is formally in error in i ts descript ion

of the exchange behavior of the central three l ines, since the relat ive

probabil i t ies of magnetization transfer between transit ions were ob-

iained using the classical reasoning outl ined here.2o However, the

correct probabil i t ies (given in Table I of this paper) lead to a kinetic

exchang i  mat r ix  iden t ica l  w i th  tha t  g iven  prev ious ly , ' "  and,ne i ther

the  l ine  shapes nor  the  conc lus ions  o f  tha t  paper  a re  a l te red  by  use

of the correct probabil i t ies obtained by the Kaplan procedure.
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tions are not degenerate or when the spectrum becomes
second order by virtue of inclusion of small coupling con-
stants (vide infra), the correct magnetization transfer proba-
bilities must be used. There is no question that the proba-
bilities obtained using the Kaplan procedure and listed in
Table I are the correct ones; nonetheless, it is interesting that
the description based on a purely classical description of
nuclear magnetism fails only when applied to a problem re-
quiring a quantum mechanical interpretation of a classical
phase angle.2s

The differences in the way magnetization is transferred be-
tween transitions 6-11 by the concerted and oJr mechanisms
provides the basis for an experimental distinction between
these classes of mechanisms. In the former mechanism,
magnetization exchanges between the 6 and l1 transitions
(Fflaa + ea00) but not between these transformations and
any of the transitions 7-10 (ap t pa)(ap t 0o), which in turn
exchange magnetization only among themselves. Thus, in
going from slow- to fast-exchange spectra, the 6 and l l

(24)  G.  M.  Whi tes ides  and H.  L .  M i tche l l , J .  Amer .  Chem.  Soc . .
9 1 , 5 3 8 4  ( t 9 6 9 ' , ) .

(25)  Even here ,  the  c lass ica l  p ic tu re  may conta in  the  cor rec t  in_
formation i f  interpreted dif ferenfly. In part icular, note that the
classical phase angles within the pairs formed by the interchange are
necessari ly equal, and in the l imit ing cases in which this angle is 0
and zr radians, the classical procedure leads to the same u.r*".  as the
Kaplan procedure. The ambiguit ies in interpretat ion arise when
this angle differs from O or z.

Figure 7. Comparison of the spectra observed for H, of 5 as a func-
tion of temperature in CCIF, with spectra calculated based on sym-
metrized wave functions.
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transitions should broaden and coalesce, while the line com-
posed of the superimposed transitions 7-10 should remain

sharp. In contrast, the entire group of transitions 6-l l is

roupl.d by magnetization exchange in a o,n mechanism: all

three of the lines observed for this group of transitions would

be expected to broaden and coalesce in the region of inter-

mediate exchange rates. Thus, although in either mechanism
the three distinct lines made up of the central group of six
transitions (6-l l) are predicted qualitatively to coalesce to a

single line in the fast-exchange limit, in a concerted mecha-
nism the line composed of the superimposed 7-11 transitions
should remain sharp throughout the region of intermediate
exchange rates, while in a o,n mechanism this line should
broaden.

To calculate line shapes based on the consideration out-
lined in this section, the coefficients of Table I are used di
rectly (cf, eqga) to form a kinetic exchange matrix K (eq

9e). For example, for the crucial density matrix elements
po-pn, the appropriate submatrices of K for o,zr and con-
certed mechanisrns are given by eq 2l and 22.26

6  7  8  9  1 0  1 1

t lo 
,lo

_ t l o  0
o -tlo

0  ' l o
' l o  o
t l o  t l o

Krieger, Deutch, and Whitesides

S I G M A .  P I  C O N C E R T E O

J25'rl5a(Hr) J.5(Hr) J.s'rla(Hd
-r5 - 05 -O.3

o.o o.o o.o

-o.2 -ol -o. l

0.2 00 0.o

o.t o.o o.o

o.o oo o.0

o.5 0.o o.o

3.O OO O.O

r.5 00 0.o

Rather than consume space in writing out the full K
matrices, we have adopted a graphical method of summarizing
the information they contain (Figure 6). In this figure, a
group of transitions is represented by the vertices of an ap-
propriate polyhedron, and the relative magnitudes of the
elements of the K matrix connecting these transitions are
summarized by numbers beside each edge of the polyhedron.
To assist in the qualitative assimilation of these data, circles
or squares of area roughly proportional to the intensity of the
indicated transition are located at each apex of the polyhe'

dron, and the thicknesses of the lines along the edges are

(26)  l f  des i red ,  these mat r ices  can be  reduced to  mat r ices  o f  lower

dimension by inspection, by noting that transit ions 
'7- lO are degen-

erate and that they are characterized by identical rates of magnetiza-

t ion  t rans fer  to  t rans i t ions  6  and 11 .  Thus ,  descr ib ing  the  behav io r

of the four superimposed transit ions by a density matrix element

which we wil l  cal l  p1-1s, eq 2l and 22 could be rewrit ten as

20 Ht .
n , n

. n-, -/ *'- , ,rt-Z J -\

ngl,; spectra 
"^Jriu"ufor 

H, of 5 using a ranseof values of the
tuio- and four-bond couplings J r, = J ro and J rr: for the o,n mecha-
nism, r = 0.03 sec; for the concerted mechanism' 7 = 0.06 sec.

made proportional to the magnitudes of the corresponding
elements of K (that is, proportional to the rate constants for

transfer of magnetization between the transitions connected

by that edge); if an edge is omitted from the polyhedron, the

magnitude of the corresponding element of K is zero. The

K matrices for both o,r and concerted interchanges of 5

derived from the data of Table I are summarized by this

figure by the polyhedra in the row labeled "symmetrized"

wave functions.
Spectra were calculated using this K matrix and eq l0 for a

range of values of r for both concerted and o I mechanisms.

In this approximation, the frequencies of the transitions are
read directly from the experimental spectra: the nuclear
spin Hamiltonian is not used at any point in the calculations,
since the coupling constants that influence the spectrum of

H1 appear only as frequency separations between resonances'
and the chemical shifts between H1 and H2-5 are assumed to

be large. Comparison of calculated and observed spectra
(Figure 7) indicated two points of significance. First, spectra
calculated using the K matrices generated using either
mechanistic hypothesis are in qualitative agreement with the

observed spectra in basic structure; viz,transitions 1 and 16
remain sharp throughout the exchange-broadened region;
transitions 2,3 and 4,5 (and 12,1.3 and 14,15) coalesce to
single iines; transitions 6-11 coalesce to a single line' Second,
although the spectra calculated assuming a o,7r mechanism
appear to be in closer agreement with the observed spectra
than were those calculated assuming a concerted mechanism,
neither set of calculated spectra is in fact in satisfactory
agreement with the experimental spectra for the important
transitions 6-l l. In particular, the calculated line shapes for
the superimposed 1-10 transitions in the o,n mechanism
show uniform broadening of each of the component transi
tions, as expected from eq2l-22 (or Figure 6), while the
corresponding central feature of the fast-exchange experi-
mental spectrum appears to be made up of at least two com-
ponents that broaden at appreciably different rates as the
temperature is lowered. This disagreement between experi-
mental and calculated spectra precludes a reliable decision be-
tween mechanisms at this level of discussion and forces con-
sideration at a less approximate (and less readily physically
interpretable) level.

Calculations Based on AMzN2 Nuclear Spin Wave
Functions. A possible origin of the disagreement between
the experimental spectra and those calculated in the previous
section lay in the assumption that the symmetrized wave
functions for four nuclei with C2 symmetry (Figure l) pro-
vided an approximation to the eigenfunctions of the nuclear

spin Hamiltonian adequate for the prediction of dynamic
line shape behavior. In principle, the finite chemical shift
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resulting eigenfunctions and K matrices.2r The principal
effects of introducing small nonzero values for these
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low-intensity transitions in the spectrum (Figure 6). The
practical influence of these couplings on the line shapes calcu-
lated in the intermediate-exchange region assuming a o$
mechanism is that of yielding a central spectral feature ap-
parently composed of superimposed components having
different widths and different rates of broadening. A num-
ber of combinations of magnitudes and signs of these cou-
plings yielded calculated spectra in reasonable qualitative
agreement with the observed spectra: a selection of these

calculated spectra is shown in Figure 8, together with the

spectrum observed at-64", at which temperature the devia-
tion of the shape of the central line from that characteristic
of a single transition was most pronounced' The values
selected for use in fitting line shapes over the entire tempera-
ture region are those of the lowermost of the calculated
spectra in this figure: Jzz = 0.5, J25 = Jy = 1.5 Hz. The
relative insensitivity of the line shapes to the magnitudes of
these couplings is such that these values cannot be claimed
to be higtrly accurate; in fact, rather different values might
give closer agreement between calculated and observed spectra'
Nevertheless, two points are of central concern to this paper.

First, the introduction of small, physically reasonable, values
for these couplings is required to yield calculated line shapes
based on the o,n mechanism that are in close agreement with
the observed line shapes. Second, no combination of cou-
pling constants could be found that would bring spectra cal-
culated assuming the concerted mechanism into agreement
with the observed spectra (Figure 8). We conclude from the
good agreement obtained between the observed spectra and
those calculated using these coupling constants over the
complete range of dynamic line shape behavior (Figure 9)
that the reaction responsible for the interchange of syn and
anti protons in tetra(trihaptoallyl)zirconium(IV) is charac-
terized by the permutational properties that characterize a
o,7r process.

For comparison, we examined briefly the line shape behav-
io r o f chlor o(t rihap to allyl)palladium(l I) dimer, a c ompound
established previously to ilterchange syn and anti protons

by a o,n process (Figure l0).3 Although line shapes in this
system appeared less sensitive to the magnitudes of the small
couplings than did those of 5, agreement between observed
and calculated spectra could again be obtained only assuming
a o,Tr mechanism and this agreement appeared to be improved

by the introduction of nonzero values for J25 = Jv' Figure
11 compares line shapes calculated assuming a ofi mecha-
nism for proton interchange for two values of the four-bond

syn-syn coupling: Jzs = 0, Jrs = 1 .0 Hz; the experimental
spectrum obtained at -4o seemed to provide the clearest
indication of multiple components characterized by different
widths for the central feature.3r

Conclusions
The data presented in this paper establish that the pre-

dominant reaction responsible for the interchange of the syn

and anti protons of tetra(rrihaptoallyl)zirconium (1) in CFCI:
solution is one characterizedby anticorrelated motions at
the two ends of the allyl moiety, viz., in all probability by a

o,z mechanism, although neither a mechanism of the type
represented by eq 2 nor other mechanisms charactetizedby
the same type of nuclear permutation scheme can be excluded

using these kinds of data. The quality of the spectra is such

(31) K.  C.  Ramey and G. L.  Straton,  J '  Amer '  Chem' Soc' ,  88 '

4387 (1966), report Jr, 11 Hz for chloto(trihaptoallyl)palladium
dimer. we have founcl that a variety of slow-exchange spectra cal-

culated assuming a peak width at half-height of 0.8 Hz,Lotentzian
l ine shapes,  and coupl ing constants as large asJrt  = 1.5 Hz and
Jr, = 1.0 Hz are all essentially indistinguishable.
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{ ro 9n spectra
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that it would not be possible to detect a small contribution
to the line shapes due to these excluded mechanisms.

Comparisons of calculations for the spin system of 5

carried out at several levels at completeness suggest a point

of concern for similar future calculations. Consideration of

the behavior of this moderately complex, coupled spin sys-

tem at a simple classical level is sufficient to predict the broad

features of the line shape behavior;however, certain small
spin-spin couplings can have a pronounced effect on the
broadening observed for individual lines in the intermediate-
exchange region, and careful consideration of the influence of

small couplings clearly must be included in any calculation
which requires a close fit between observed and calculated
spectra.

Experimental Section
General Methods. Reactions involving organometallic compounds

were carried out under atmospheres of prepurified nitrogen using

standard techniques for manipulation of air- and water-sensitive com-

pounds.32
All nmr spectra were run on a Varian HA-100IL spectrometer

equipped with a varian v-6040 variable-temperature unit. A Digitek

digifi i thermocouple was used to measure the temperature of the

sample in the probe.
Allylmagnesium bromide was prepared according to the procedure

(32) D.  F.  Shr iver,  "The Manipulat ion of  Air -Sensi t ive Com-
pounds,"  McGraw-Hi l l ,  New York,  N.  Y. ,  1967 ,  Chapter 7.



O-T rialkylt in Hy d roxyl amine s

of Grummit, Budewitz, and Chudd.33 To 6.0 ge60 mg_atom) of
magnesium powder (40 mesh) rn ca. lzs ml of lther, fre*shly distilled
from lithium aluminum hydride, in a flame-dried 300-ml round-
bottomed flask equipped with magnetic stirrer, condenser, and No-Air
stopper' was added at o" ca. 0.5 ml of r,2-dibromoethane. To the
activated magnesium ,7 .0 g (58 mmol) of freshly distilled allyl bromide
was added at 0" over a2-hr period. The solution was allowed to stir
at 0o for an additional5 hr ind was transferred uv ."n"ulu to a flame-
dried 20o-ml storage bottle. The residual salts were washed with ca.
20 ml of ether, and the washings transferred to the storage bottle and
mixed thoroughly. Titration with 0.105 M sec-butyt atc."otrot in
xylene using 1,1O-phenanthroline3o as indicator showed the solution
to be 0.36 M.

- Teftt(trihaptoalryr)z'conium(IV) (5) was prepared according to
the procedure of Becconsall, Job, and o'Brien.l in a 100-ml round-
bottomed flask was placed 0.79 g (3.9 mmol) of zirconium tetra-
chloride. To the salt, cooled to -60", 40 miof 0.30 M ttz.o mmol)
allylmagnesium bromide was added over a r.5 hr period. The mix-
ture was stirred for 20 hr at external temperature of ca. -70" (Dry
Ice-isopropyl alcohol) and filtered at ca. -40" through a cerite pao,
which previously had been dried with ca. 2 mrdiT-tiivliilTu-. The
solvent was removed under vacuum while maintaining ihe sampte
temperature between -40 and -30".

Preparation of Nmr samples of 5. ca. s mrof fluorotrichloro.
methane, previously degassed by tfuee freeze-thaw cycles, was distilled
into the storage tube containing the red sofd 5, obtained iy,"mouat
of ether under vacuum at -78" (Dry Ice-isopropyl alcohol). An
aliguot of the resulting solution was transferreo-at -7go tfuough a
stainless steel cannula into an nmr tube, adapted with a I2l15 ball

(33) O. Grummit, E. P. Budewitz, and C. C. Chudd, . ,Organic
Syntheses," Collect. Vol. IV, Wiley, New york, N. i . ,  igiSi p
748.

(34) S. C. Watson and J. F. Eastham,J. Organometal.  Chem.,9,r6s (r967\.
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joint and joined to a vacuum stopcock, fitted with a No-Air stopper.
TMS internal standard was added and the tube sealed under vacuum.
The sample used showed no absorption in the nmr spectrum due to
ether, but did show a broad impurity peak centereo itightty upfield
from the H, resonances of 5. The nature of this impuritywas not
explored. Extensive decomposition was observed if the sample was
not stored below -20".

_ Trihaptoallylpalladium chloride dimer was prepared by Dr. D. L.
Tibbets. The nmr sample used in this study was preparedby adding
75 mg (0.206 mmol) of the palladium complex and O+.S mg (0.g26-
mmol) of dimethyl sulfoxidedu (2 equiv of DMSo-du /allyl group) to
0.5 ml of a l0% solution of benzene in deuteriochloroform.-

calculations were performed at the Massachusetts Institute of
Technology Information processing Center using the program
EXCHSYSts ';3s 1o compute eigenfunctions and tine st apes of static
spectra, K matrices, and interchange-broadened line shapes.

Registry No. Tetra(trihaptoallyl)zirconium(Iv), 12090-
3 4 - 5 ; chlor o(tihap t o allyl)p all adium(I I) dime r, | 20 | 2 -g S _2 .
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(35) EXCHSYS is based on the program LAOCN3: A. A.Bothner-By and S. M. Castellano, in D. F. deTar, ..Co*pui"i pro_
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Whitesides.
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