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CYCLOPENTADIENYLS 
I. PMR SPECTRA OF METHYLDICHLOROSILYLCYCLOPENTADIENE 
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NMR Laboratory, Chemical Department, M. V. Lomonosoa State University, Moscow (U.S.S.R.) 

(Received November 10th. 1969) 

The PMR spectra of methyldichlorosilylcyclopentadiene show the presence 
of all three isomeric forms equilibrated through a prototropic rearrangement. The 
saturation transfer technique applied to the 5-isomer demonstrates this to undergo a 
fast metallotropic rearrangement. The signals are assigned to isomers or nuclei by 
double resonance. The spectrum of the main vinylic isomer has been analysed com- 
pletely including the signs of the constants. With the assumption that 3J(HH) > 0 
and “J(HH)< 0, this isomer is shown to be 1-methyldichlorosilylcyclopentadiene. 
The spectrum of 2-methyldichlorosilylcyclopentadiene present at a concentration not 
greater than 5% has been partially analysed. 

Dynamic molecular phenomena are a challenging problem ofmodern organic 
chemistry_ This is especially true with stereochemically non-rigid molecules’ capable 
of degenerated. intramolecular rearrangements. Such rearrangements isomerize a 
molecule to the initial one, the activation energy being never in excess of 15 kcalmole- I. 
This is characteristic of certain hydrocarbons (homotropilidene, bullvalene2, etc.) or 
arenonium3, carbonium, and arylcarbonium ions4. These rearrangements often occur 
also in organometallic compounds containing an alkenyl (allyl*, cyclopentadieny16, 
indenyl’) group, or with organometallic n-complexes (complexes ofcyclooctatetraene’. 
z-benzyl compounds). An understanding of such rearrangements, will give a better 
insight into the nature of chemical bonds. 

Cyclopentadienyl compounds are convenient models for the phenomenon 
discussed. n-Cyclopentadienyl compounds of Si, Ge6, Sn6vg, Fe”, Cr”, Mo12, Hg13 
and Cu14 are known to undergo fast metallotropic rearrangements. 

Earlier, we have stated that cyclopentadienyl compounds can enter a com- 
peting. process ; the prototropic rearrangement characteristic of cyclopentadiene” 
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and alkylated cyclopentadienes 16. An investigation of the compound C5H5Si(CH& 
showed” that the rearrangement did occur but was much slower than the metal 
migration. 

Degenerated intramolecular rearrangements are studied mainly by the nuclear 
magnetic resonance technique because the processes are characterized by rates 
readily adjustable to the NMR scale of time. In general, however, dynamic processes 
are rather difftcult to analyse by NMR because indirect spin-spin coupling must be 
taken into account together with the many-sites exchange probIemiS. Such difficulties 
are inherent in the study of cyclopentadienyl compounds. A metal can migrate 
through either a 1,2- or 1,3-shift, or any superposition of the two mechanisms. This is 
the decisive point in constructing a theory of the phenomenon”. Literature data show 
that this or that migration course may be thought to be the true course depending on 
the calculation accuracy and, principally, on assignment of the spectrum lines to the 
nuclei’“*‘s. So far, however, PMR spectra of compounds containing a cyclopenta- 
dienyl fragment have not been analysed in suflicient detail. We have, therefore, 
studied a number of o-cyclopentadienyl derivatives of Si, Sn, Ge, and Au by PMR, 
13C NMR, or electronography2’. In studying the proton resonance spectra we have 
tried to analyse them as completely as possible by using double resonance and 
computations. We hope that the results will give reliable criteria for the assignment of 
the PMR lines or for the determination of themigration types. This paper, which is the 
first part of a series, analyses the PMR spectrum of methyldichlorosilylcyclopenta- 
diene. 

I. TYPES OF PMR SPECTRA, AND CLASSIFICATION OF METAL CYCLOPENTADIENYLS 

We limit ourselves to compounds containing only one metal atom (eIement) 
bonded to the cyclopentadienyl ring which contains no other substituents. We 
negIect here the effects that can be traced to magnetic isotopes of carbon (‘“C) ‘X 
other elements (“Si, ’ r7’11gSn, etc.), although these effects might be very helpful in 
studying the structures or dynamic processes characteristic of the compounds. In 
other words, we will discuss the spectra possible with the live protons of the cyclo- 
pentadienyl fragment. 

Earlier data yielded three types of PMR spectra, see Table 1. Future work may 
reveal new types because the structure of the cyclopentadienyl fragment may decline 
significantly from the planar one. Non-coplanarity was found recently20-2’ with 
o-cyclopentadienyl compounds of Si, Ge and Sn, but so far, however, it has not been 
found to affect the PMR spectra. 

The classification given in Table 1 concerns stereochemically rigid systems, 
not those characterized by dynamic effects which could distort the symmetry of the 
molecule, e.g., migration of a metal in the compound whose spectrum is structured 
as AA’BBX will transform this to spectrum As. In the same system, prototropic 
rearrangement will give spectrum AMXY,. The exchange in systems characterized by 
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TABLE I 

TYPES OF PM R SPECTRA OF METAL CYCLOPENTADIENYLS, C&-M 

Specfrul~l type A5 AA’BBX AMXY, or ABCX, 

Structural notation 

0 @ M+ 
I-3 

SpnitIetry group 

Linguisfic notation 

Csr C,, Cs (3 

7xompIexes. o-bonded S-isomers c-banded I- or 2- 
isomers 

ionic or central o-bonded 

ExompIes WCd% 
Ferracene 
(W%)+ 
C&X&% 

indirect spin-spin coupling was developed with the simplest examples only’* ; hence 
at intermediate rates of exchange, the problem so far yields only to qualitative 
analysis of the line shapes23. 

Thus, there are only three spectrum types which reflect the four structure types 
proposed by Fritz2” to classify organometallic derivatives of cyclopentadiene : ionic 
compounds, compounds containing a central-symmetric o-bond, normal o-com- 
pounds, and x-complexes. The Fritz classi~cation is rather arbitrary because there 
are many compounds which cannot be defmitely ascribed to any of these classes. 
Therefore, chemical shifts of protons of the cyclopentadienyl nucleus are not character- 
istic and Table 1 suggests that a-compounds can only be discerned by PMR spectra if 
their metallotropic rearrangement is sufficiently slow. Other types of the compounds 
give, as a rule, spectra As, so that further evidence is needed to confirm their structure 
(analysis of 13C satellites, analysis of 13C chemical shifts, or of the nature of ‘H chemi- 
cal shift). These data will be discussed in other papers of this series. 

II. EXPERiMENTAL 

Methyldichlorosilylcyclopentadiene, C,H,Si(CH,)C12, was obtained by a 
published method25. The compound was recorded immediately after a double distil- 
lation (b.p. 51° at 10 mm) in an argon atmosphere. (Found : C, 40.78 ; H, 4.57 ; Si, 
15.57; Cl; 39.08. Calcd.: C, 40.20; H, 4.47; Si, 15.69; Cl, 39.64x.) 

The spectra were measured on a C60HL spectrometer (JEOL), operating 
frequency 60 MC, maximal resolution 0.2 cps. Slow passage used internal lock. Line 
frequencies were measured by a JNM-SD-30 counter, accuracy f0.1 cps. The double 
resonance experiments used external lock if spin decoupling was applied. The tickling 
experiments used internal lock. Frequency sweep was always used with the double 
resonance. The frequency was set by a JNM-SD-30 spin decoupier, accuracy t-O.1 cps. 
The triple resonance used a frequency generator (4 kc/set) fitted to the CGOHL 
spectrometer. This paper discusses the spectra obtained at roam temperature_ Chemi- 
cal shifts were measured from a TMS irftemal reference_ 
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III. SINGLE RESONANCE SPECTRA 

Figure 1 shows the spectrum of a neat compound, CgHs(CH3)C12, at room 
temperature_ Qualitative assignment of the signals was carried out by means of 

A 
E 

e 

8 7 6 5 4 3 2 

Fig. 1. The 60 MC spectrum of methyldichlorosilylcyclopentadiene. 

published data _ ‘*I’ The spectrum shows all the three isomers (I, II and III) possible in 
methyldichlorosilylcyclopentadiene. 

The farthest upfield signal (H) relates to the methyi group of isomer (I) 
(0.27 ppm) ; the signals (F) of the methyl groups of isomers (II) and (III) which coincide 
as to their chemical shifts are located downfield (0.82 ppm, cf ref. 17). When C5H5Si- 
(CH,)Ci, is dissolved in benzene (concentration about 5%) the signals are resolved, 
the difference being about 0.05 ppm (the signal of isomer (III) is located downfield). 

Figure 2 gives the fragments of the C5H,Si(CH3)C12 spectrum recorded in detail. 
The CH, signal of isomer (III) (signal E’, 3.02 ppm) and the CH? signal of isomer (II) 
(signal E, 3.13 ppm) are located within 3.0 to 3.2 ppm. The signal of proton H, of 
isomer (I) (signal D, 3.65 ppm) is rather broadened thus indicating a metallotropic 
rearrangement of the isomer at room temperature. The downfield region (6.5-6.8 ppm) 
contains the signals of protons H,, H, and HZ, H, (signals B and C) of isomer (I), the 
signals aIso being broadened through the exchange*. 

The lines are seen against the background of this diffuse signal and relate to 
protons H, and H4 of isomer (II). The farthest downfield multiplet (chemical shift 
7.09 ppm) is that of proton H2 of isomer (II). A weak signal at 6.94 ppm belongs to 
proton H, of isomer (III) (Fig. 2, signalA’). Signals of protons H3 or H4 of this isomer 
are hidden by stronger lines given by protons of isomers (II) and (III) within 6.5 to 
6.8 ppm. The assignment is verified by the integral intensities, the multiple structure, 
the chemical shifts discussed in view of the result&’ 7 , and by the double resonance data 
discussed in detail below (Section IV). 

l Argument in favour of the assignment, and complete analysis of the spectrum of isomer (I) will be reported 
in Part III of the series. 
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220 7.15 7.10 7.05 zoo zoo 695 6.90 

6.85 6-60 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35 

3z 3.70 3.65 3.60 3.55 3.20 3.15 2.10 3.05 3.00 

Fig. 2. Fragments of the overall spectrum recorded in detail. 

Temperature variation within -30 to 100” seriously affects the shapes of the 
signals given by the ring protons of isomer (I) while those given by the protons of 
other isomers remain unaffected. The data above show that CSH$3i(CH,)C1, under- 
goes two dynamic processes : a fast metallotropic rearrangement in isomer (I), and a 
slow prototropic rearrangement occurring between isomers (I), (II), and (III). 

Further, we have found* that the system is characterized by a rather compli- 
cated equilibrium between monomeric and dimericmodifications ofC,H,Si(CH,)Clz. 
The equilibrium is reached slowly at room temperature (lifetime ~2: 105-lo6 set), 
thus the NMR time scale enables the system to be considered as quasi-stationary. 
The relative contents of isomers (I), (II) and (III) depend significantly on the pre- 
treatment of the sample. Slow distillation enriches the product in the most volatile 
isomer, (I). The content of isomer (III) never exceeds 10% of the content of isomer (II), 
which indicates the 1,2-mechanism of the prototropic rearrangement to be the most 
favourable as was believed to be the case with cyclopentadiene15 or alkylated cyclo- 
pentadienes _ l6 A similar isomer ratio containing vinyl- or allylsilicon groups was 
observed by us earlier with C5H$i(CH3)317. 

IV. DOUBLE RESONANCE SPECTRA. SATURATION TRANSFER DURING EXCHANGE PROCESSES 

The proton magnetic resonance spectrum of the compound under discussion 
is rather diflicult to atialyse because certain parts of the spectrum (e.g.. within 6.5 to 
6.8 ppm, Fig. 2) contain superimposed signals from all three isomers differently 
participating in the dynamic processes. This problem becomes much simpler when we 

* To be published. 

J. Organometal. Chem., 22 (1970) 63-78 



68 N. M. SERGEYEV, G. I. AVRAMENKO, YU. A. USTYNYUK 

apply the double resonance technique, the simplification being partly due to the 
saturation transfer effect which is observed at fast enough exchangeP. 

Metallotropic rearrangement may be considered as a dynamic process wherein 
any ring proton of isomer (I) stands successively at the positions characterized by 
resonance frequencies v,+, \‘B, and vx with lifetimes z,. When observing resonance 
signal A its intensity is defined by magnetization kZ$,. A qualitative theoryz6 shows 
that when signal B or X is completely saturated by the second radio-frequency field, 
the magnetization created at position v, satisfies the condition: 

M$ = M&,-(G/T,,) (1) 

Quantity TV may be estimated as lo-’ set at room temperature, hence the 
condition r,e T”, is satisfied (T,, the spin-lattice relaxation time, is about 1 set). 
Consequently, when we irradiate any signal given by ring protons of isomer (I), the 
amplitude of the RF field, H,, satisfying 

(2) 
then the signals given by other protons of the isomer will disappear entirely (saturation 
transfer effect). 

Figure 3 shows the spectrum within 6.5 to 6.8 ppm obtained when irradiating 
the centre of signal D. The signals given by protons H,-H, of isomer (I) are seen to 
disappear (part AA’BB’) through the saturation transfer effect whereby a clear spec- 
trum of protons H3 and I& of isomer (I) is obtained (part MX of the spectrum of 
system AMXYJ. 

X M 

6.60 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 

C 

Fig. 3. Oletinic protons X and M of isomer (II), PMR spectrum. (a)Multipletstructure;(b)exptl.spectrum 
obtained by irradiating signal D of isomer (I) (no background present with signals of isomer (I)); (c) Theore- 
tical spectrum c&d. with the parameters listed in Table 2 (the Lorentz shape of a line is presumed, the 
width is 0.2 cps at the semi-height). 
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A pronounced saturation transfer effect occurs not only when irradiating the 
centre of a line (e.g., line D) but also takes place within the width of the line*. When 
irradiating the centre of signal D, the RF field has been selected so as to satisfy condi- 
tion (2); consequently, a significant saturation is observed with signals B and C in 
part AA’BB’ of isomer (I) (Fig. 4 a and b). As the irradiation frequency declines from 
the centre of the line, the intensities of signals B and C are re-increasing. The shape of 
signal D shows the dependence of the intensity on the unbalance, (Fig. 4 c and d). 

65 6.4 6.3 6.2 

. 
7.2 73 7.0 6.9 6.8 &7_ 6.6 6.5 6.4 63 62 

12 i?l 7.0 69 6.6 6.7 6.6 6.6 6.4 6.3 6.2 

Fig. 4. Saturation transfer in signals of isomer (I). The spectrum of olelinic protons: (a) Singie resonance; 
(b) irradiation frequency, vz, coincides with the centre of signal D(Av=O); (c) Av= 10 cps; (d) A~=30 cps, 
frequency v2 is adjusted to the centre of signal E. RF power always satisfies yH,/2~ > l/JT,T,. 

Under the same conditions, signal D is suppressed when the other radio- 
frequency field irradiates resonance S&IX&IS VA and va (protons H1, H4 and H,, H, of 
isomer (I); Fig. 5~). 

The spin decoupling experiments are sometimes accompanied by saturation 
transfer phenomena, e.g., if we increase the RF amplitude, H,, so that it satisfies the 
collapse conditionz6 

7H2 /2x > J (3) 

(1 is a mean measure of multiplicity for a nucleus), and irradiate resonance s&d E 

(CH, group of isomer (II)), then the spectrum of protons Hz, I-IS, and H4 of isomer 
(II) transforms to system AMX (Fig. 6a and b) while “the background” of the spectrum 
given by part AA’BB’ of isomer (I) disappears. This does not suggest, however, a 

* The exchange broadening is homogeneous. 
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7.3 t2 Zl 7.0 69 6.8 6.7 6.6 6.5 6.4 

mw 

b 

1 

C 

Fig. 5. The spectra of signals D and E obtained by irradiating the olefmic region (7H,j2~ - 10 cps). (a) Single 
resonance; (b) signal A irradiated ; (c) multiplet, B, C irradiated. 

b 

Xl 7.0 6.9 6.8 6.7 6.6 6.5 6.40 

7-l 7.0 

Fig. 6. The spectra of olefmic protons of isomer (II). (a) Single resonance; (b) signal E irradiated. 

dynarnic_process (prototropic rearrangement) which transforms isomer (II) to isomer 
(I), the characteristic time z, being comparable to time 7”. Actually, condition (3) 
requires so great an RF power that hue D positioned 30 cps away from signal E is 
affected and the saturation transfer effect occurs. 

SimiIarIy, when irradiating signal A (proton Hz of isomer (II)) during the spin 
decoupling experiments, the spectrum becomes simpler (cf: the tripIet at 3.13 ppm, 
Fig. 5b) while signal D (proton H, of isomer (I)) becomes somewhat less intense 
because the olefmic signals of isomer (I) are affected. Note that no frequency achieves 
selective decoupling of nuclei Hs, H4 (signals M, X) because the difference between 
the shifts of the nuclei is comparable to the RF power (Av- 10 cps). When irradiating 
the centre of multiplet B, C, simultaneous decoupling of the two protons is observed 
(see Fig- 5c, the doublet given by the CH, group interacting with proton HJ while 
signai D disappears entirely (see above) through the saturation transfer effect. 

J. Organomelal. Chem., 22 (1970) 63-78 
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V. DOUF3LE RESONANCE SPECTRA. COMPLETE ANALYSIS OF THE SPECTRUM OF ISOMER (II), 

SIGNS OF THE CONSTANTS IN SYSTJZM AMXYz 

The spin decoupling experiments described above interrelated the signals of 
the protons of isomer (II) and resolved the multiplet structure in detail (Fig. 3a). If 
resolution is not worse than 0.2 cps, proton I-I, (M) or protons of group CH2 (Y,) will 
give maximal possible numbers of lines, eight or twelve, respectively. Each of the nuclei, 
H2 or H, (A or X*, respectively), gives eight instead of twelve lines because the 
J(HH) constants are close. The analysis of the spectrum of isomer (II) gives the results 
shown in Table 2. Figure 3 shows the spectrum of part MX calculated with the pro- 
gram YaMR-1 (NMR-1) at an M-20 computer27. 

TABLE 2 

\tFrttyt.tm-ttt OKOSII.YI.TY(‘I.OPFNTAD~ENE C’+H,Si(CH,)CI,. ISOMER II. ANALYSTS OF THE PMR SPEclRUM 

CHEMICAL SHIFI-S” 

4V @W WW WHd WWd 
.___ 

7.09 6.72 6.52 3.13 0.52 
- 

SPIN-SPIN COUPLWG CONSTA?ZTSb 

JW) JC-W Jww J(AY,) JW,) J(m,) 

1.20 1.85 5.10 1.80 1.25 1.45 

n The shifts are in ppm, b-scale ; accuracy, +-0.01 ppm. b The constants are in cps, accuracy, kO.05 cps. 

Let us try to prove that the main vinylic isomer of C,H,Si(CH,)Cl, which 
gives the signals whose chemical shifts are listed in Table 2, has structure (II). The 
constants (Table 2) may be sufficient evidence that protons X and M are located at a 
double bond because the constant, J(MX), is equal to 5.1 cps. Similar constants were 
reported with indene (5.58 cps2’), vinyl fulvenes (about 5.2 cps2’), and with the five- 
membered heterocycles containing S, N and 0 atoms3’. Other constants are not 
characteristic and are thus useIe& in assigning the signals. The constants reported 
do not make it possible to select an unambiguous structure (II or III) for the main 
vinylic isomer. 

To resolve the structure, we can only use relative signs of spin-spin coupling 
constants. Elleman and Manatt2* who analysed the spectrum of indene and attempted 
to do so with cyclopentadiene *Ir showed that the constant, 3J(HH), characterizing the 
interaction of CH, protons with the nearest oletinic proton was positive, whereas 
that with the farther one, 4J(HH), was negative. At the same time, absolute values of 
the constants are close, about 1.5 cps. The results of EIIeman and Manatt were 
confirmed by many other data reported with the constants of the ally1 fragments3’. 

First, we have proved that all the constants (J(AM), &4X), J(MX)) character- 
izing the coupling of the olefmic protons have the same sign (probably, all are positive). 

* The notationA,M,X corresponds to the condition I J(MX)I s-1 J(AM)( B I J(AX)\ _ 
t* The full analysis of C,Hs will follow3’_ 

J. Organometal. Chem., 22 (1970) 63-78 
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This is achieved by the triple resonance. Figure 7a shows the double resonance 
spectrum obtained with system AMXY2 when irradiating CH, protons. When the 
signal of proton H2 is irradiated by the third, powerful, RF field, we obtain the spec- 
trum of system MX used to calculate the shifts of nuclei M or X. 

_ 2 7.0 6.8 6.7 6.6 . 65 6-4 

LJVL b 

JV_ ‘----w rd-- . 

7.1 7.0 6.8 6.7 6.6 6.5 6.4 

Fig. 7. Triple resonance spectra of oIetinic protons M and X. (a) Double resonance, signal E irradiated ; 
(b) the triple resonance tickling, line Ai irradiated simultaneously with spin decoupling of nuclei CH2 
(signal E); (c) the triple resonance collapse (spin-decoupling of nuclei Yz and A). 

TABLE 3 
SICXS COMBINATIOSS OF THE CONSTANS POSSIBLE WITH OLEFISIC PROTOSS A, M, OR x INTERACTING WITH 

CH2 PROTONS“ 

Combi- Constants J(HH) Comment 
nation 
No. AY, MYI xy, 

1 + + + less probable, because J(MY,) should be 
signed oppositely to J(XY,) 

+!w 

2 +. + - structure (isomer (III)) 
and assignment shown alongside 

VA 

3 + - + structure (isomer (III)) 
and assignment shown alongside 

4 - + + as with array 1 ++A 

5 + - as with array 1 HH 

6 + - structure (isomer (II)) 
and assignmen: shown alongside *I 

7 - - + structure (isomer (II)) 
and assignment shown alongside 

8 - - as with array 1 51 

o Constants J(AX), J(AM), and J(MX) are assumed positive. 

J. Urganonrerul. C/rent., 22 (1970) 63-78 
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To select a sign combination from the four combinations possible in system 
AMX a priori, one has to use the tickling experiment to irradiate one of the four 
transitions of multiplet A and observe the resonance at nuclei M and X33. Thus, the 
irradiation of line A, should lead to splitting of lines X, and M 1 (type /i = 0) and lines 
X2 and Mz (type /1=2) if the sign combination (+ + +) is correct. The experiment 
(Fig. 7b) verifies this combination_ Hence, constants J(AM), J&X), and J(MX) have 
actually the same sign. The result is confirmed by the relative signs of the constants 
found with the five-membered heterocycles containing S, N and 0 atoms3’. 

If we consider all possible combinations of signs of the constants given by 
olefinic protons interacting with CH2 protons, we have to select from one of the eight 
combinations (23). The combinations are listed in Table 3. 

Structure (II) requires (Table 3) proof that combination 6 or 7 is correct. The 
assignment of protons M and X also depends on the selection of one of the two combi- 
nations_ 

Note that parameter J/b is 0.4 for protons M and X of the system, which is 
thus not a weakly bonded spin system. It could be hoped, therefore, that the signs of 
the constants would have some meaning regarding the positions and intensities of 
the lines when calculating the various spectra possible withA=,. Our calculations 
have shown, however, that the spectra obtained with various combinations of the 
signs do not differ much, and the difference cannot be a reliable criterion for the 
assignment. To overcome this, double resonance (tickling) has been used. 

Fig. 8. Diagram of energy levels and transitions for system AMXYz (sub-system AMX not shown). F, is 
projection of total spin momentum. 

Figure 8 shows a diagram of the energy levels and transitions in system AMXY,. 
Group Y2 is considered as a composite particle having spin I = 1 (subspectrum AMX 
is not shown). Figure 9 arranges the lines of spectrum Ah4XY, for protons A and Y, 
for five combinations (1,2, 3,6,7). Table 3 has already indicated that combinations 
1,4,5, S are less probable because constant J&W,) should be of opposite sign to 
J&Y,). For the sake of generality, these combinations are also covered by our 
discussion ; one of them, combination 1, is shown in Fig. 9b. 

Tickling in a multi-spin system is somewhat complicated, therefore we have 
limited ourselves to the case when the lines belonging to nuclei A and M are irradiated 
while the lines positioned in part Y z of the spectrum are observed. Here, the farthest 
positioned components of spectrum Y 2 are the most reliable, other lines are resolved 
poorly and their variation is diI&ult to follow. 

J. Organometal. Chem., 22 (1970) 63-78 
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o 

0 

47 20 @ 

II 

103 
79 

II 

Fig. 9. Signals A and Y2 in spectrum Ah4XY2. Tie lines are arranged with live sign combinations of the 
constants (Table 3). 

The tickling experiments are reflected by Fig. 10. When irradiating the first 
line in the spectrum of nucleus A the far fines are not affected (Fig. 10) therefore 
combination 1 (this may be shown to be true with combinations 4,5,8 also) is ruled 
out, as expected. Complicated variations shown by the central lines of spectrum Y2 
are explained by unsyrnmetric splitting and by the nuclear Overhauser effect (un- 
symmetry of the intensities) which always accompanies double resonance. The 
inverse picture is obtained when irradiating another line (As) (Fig. 10~). When ir- 
radiating the second line A, (Fig. 10d) tickling of the extreme right line is observed_ 
The splitting must be complicated in nature because tickling affects only one compo- 
nent of the two components of the line. This experiment rules out two other sign 
combinations, 2 and 6, because these combinations should lead to splitting of the 
extreme left line in spectrum Y z (see the diagram, and the line arrangement of these 
combinations). Finally, to resolve combinations 3 and 7, M-transitions have been 
irradiated. The pattern requires that the irradiation of line MS (line 64 in both 
arrays) lead to splitting of lines 16,66,50, and 97. The experiment (Fig. 1 le) shows the 
splitting of the central line and that of the extreme left line in part Y2. This enables 

J. Organometal. Chem., 22 (1970) 63-78 
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combination 3 to be ruled out because this array should not affect the farthest 
positioned lines. Combination 7 is confirmed also by the irradiation of line Mz 
(86 in both combinations) as this is not accompanied by splitting of the far lines 
(Fig. 1 Id). Combination 7 fwes the constant signs as follows : J(AX) = + 1.20, J(AM) = 
+ 1.85, J(MX)= -I- 5.10, J(AY,)= - 1.85, J(MY,)= - 1.45, J&Y,)= + 1.25 cps. 
Constant 4J(HH) is always positive, therefore the vinylic isomer is believed to have 
structure (II). Also, combination 7 gives the assignment : 

c%&) = 6(CH,) = 3.13, 6(H,) = 6(H,) = 6.52, 6(H,) = 6(H,) = 6.75, 

6(H,) - S(H,) = 7.09 ppm. 

Fig. 10. Tickling experiments in system AMXY2. (a) Single resonance; (b) line AI irradiated; (c) line As 
irradiated ; (d) line A2 irradiated ; (e) lie A, irradiated. 
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Fig 11.Ticklin_gexperimentswithisomer(Ii).(a)Exptl.sp~ctrumobtainedwithnucleus MandCH,protons. 
(b) Arrangements of certain lines, combination 3 ; (c) arrangement of certain lines, combination 7; (d) line 
M2 irradiated; (e) line M5 irradiated. 

VI. ANALYSIS OF THE PMR SPECTRUM OF ISOMER (III) 

As the concentration of isomer (III) is not greater than five molar per cent, it 
could not be analysed in sufficient detail. A reliable assignment is made with the 
methyl group (O-82 ppm), CH2 group (3.02 ppm), and proton H4 (6.94 ppm). The 
spin decoupling experiments confirm an interaction of proton H4 with the CH2 group. 
When irradiating the signal given by protons of the CH, group (Fig. 12b) the qua- 
druplet is observed with proton HI, which aIlows the constants characte+zing its 
coupling with two other olefmic protons, H3 and H4, to be determined and the multi- 
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Fig. 12. Double resonance spectra obtained with proton H, of isomer (III). (a) Single monoresonance; 
(b) multiplet structure; (c) double resonance spectrum, CH, signal (E’) irradiated. 

plct analysis to be carried out (Fig. 12~). The signals given by protons H3 and H4 of 
the isomer lie within 6.5 to 6.8 ppm, thus they are obscured by the more intense 
signals produced by other isomers. The double resonance applied to fiid the obscured 
signals of protons H3 and H4, showed only that they are at about 6.5 ppm. The multi- 
plet structure yields the followin, 0 spin-spin coupling constants for isomer (III): 
J(HLH4)= 1.9, J(H,H,)= 1.5, J(H,HS)=1.5, J(H,HS)= 1, J(H1H3)= 1.2kO.2 cps. 

The main isomers, (I) and (II), have been analysed reliably with regard to their 
structures ; the remaining isomer, (III), which thus does not need such an analysis has 
not therefore been studied from the point of view of the reiative signs of the constants. 
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Note added in proof: Recently we have studied vinylic isomers of the series C5H5Si(CH3),C13 _,, (II =0-3), 
which give similar results (to be published). 
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