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ABSTRACT: Living cationic polymerization of isobutyl vinyl ether (IBVE) was achieved by protonic acid/ 
zinc halide (HB/ZnX2; B = I, Cl,OCOCF3, X = I, Br, C1) initiating systems. The rate decreased in the order: 
HI/ZnI2 > HI/ZnC12 = HCl/Znb = HCl/ZnBrp > HCliZnClz >> CF&02H/ZnC12. The number-average mo- 
lecular weight of the polymers was directly proportional to monomer conversion and in good agreement with 
the calculated value assuming that one p_olymer chain forms per HB molecule. The molecular weight distribution 
of the polymer was very narrow (MwIM, 5 1.1). As model reactions of these living polymerizations, a series 
of mixtures of the HB-IBVE adduct 1 and ZnX2 were directly analyzed by 'H NMR spectroscopy. The two 
methylene protons (-OCH2-) of 1 [CH3C*H(OCH2CH(CH3)2)B], which are not chemical shift equivalent 
because of the chiral a-carbon C*, are found interchangeable in the presence of ZnXl due to the interaction 
of the C-B bond with ZnX2 in the activated form 3 (C6+--B+-ZnX2). When B in 1 and X in ZnX2 are both 
halogens, the exchange reaction between B and X occurs to give another adduct [CH3CH(OCH2CH(CH3)2)X], 
whereas such an exchange was absent for the adduct with B = OCOCF3. These observations by 'H NMR 
were consistent with the results of the polymerizations of IBVE by the HB/ZnX2 system and showed that 
the activated species 3 is a t  least partly ionic. 

Introduction 

Living cationic polymerization of vinyl compounds has 
been accomplished with a variety of initiating systems 
that are based on our concept of carbocation stabilized 
through nucleophilic i n t e rac t i~n .~?~  One family of the 
typical initiating systems in this line involves combinations 
of a protonic acid [HB (B = halogen, CF3C02, etc.)] and 
a weak Lewis acid [MX,; 12,ZnXz (X = halogen), e t ~ . I . ~ - ~  
As shown in eq 1, the HB/MX, initiating systems 
invariably generate the initiating species 1 prior to po- 
lymerization, and MX, then "activates" the inert carbon- 
B bond of 1 (as in 2) to commence living propagation via 
the growing species 3, which involves a similar activated 
structure ( - - -C*+-B*--.-MX,). Thus, HB is called 
"initiator" and MXn "activator". According to this mech- 
anism, the growing carbocation is considered to be sta- 
bilized by the nucleophilic binary counteranion, B6-..*MX,a3 
Though differing in HB/MXn combinations and sometimes 
in terminology, similar systems for living cationic poly- 
merizations have been reported by other research groups.2 

In parallel with these developments of various HB/MX, 
initiating systems, attempts have been made to clarify the 
nature of the living propagating species generated there- 
from. For example, we published the first spectroscopic 
and kinetic analysis on the living polymerization of isobu- 
tyl vinyl ether (IBVE) initiated with the HI/12 systems 
and established the quantitative and selective formation 
of a HI-IBVE adduct [CH,CH(OiBu)I; la] as well as the 
initiator/activator scheme (eq 1) where HI (initiator) forms 
an inert carbon-iodine terminal to be activated by 
coexisting molecular iodine (activator). Similar conclu- 
sions have been reached for the HI/ZnX2 systems primarily 
by kinetic analyses.5~6 

More recently, several research groups further studied, 
spectroscopically and kinetically, the cationic living po- 
lymerization and related model reactions with similar HB/ 
MX, initiating systems, where in most cases HB is 
employed in the form of the adduct (CH3CHRB) with 
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such monomers as IBVE, 2-chloroethyl vinyl ether (CEVE), 
and styrene. The typical systems (monomer-HB adduct/ 
activator) include IBVE-CF~CO~H/CF~COZH (exce~s) ,~  
IBVE-CFBCO~H/ Zn(OCOCF3) 2,1° CEVE-HX/ZnXz (X = 
I, C1);l1J2 styrene-CF3COzH/CF3CO2H (excess),l3 and 
styrene-CH3C02H/BC13.14 

While conflicting in some aspects, these studies have 
indeed shown in common the existence of an interaction 
of MXn with the carbon-B terminal bonds1s and suggested 
some ionic character of the growing species.11-13 However, 
the nature of the living growing end, often illustrated 
schematically as 3 (- - -C6+--B~-.-MXn), still remains 
obscure, specifically in terms of the role of the MX, 
activator and the ionic versus covalent character of the 
activated species. Closely related to these is the possibility 
of counteranion exchange (eq 21, namely, the replacement 
of the anionic moiety -B with the halogen X of the MX, 
in the activated growing end 3, as discussed re~ently.'~-ls 
For example, this last problem has been quite recently 
studied by us with use of trimethylsilyl halide (MesSiY)/ 
ZnXz systems, but the conclusions are obscured by the 
rather slow and incomplete initiation from Me3SiCl.18 
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Figure 1. Time-conversion curves for the polymerization of 
IBVE by HB/ZnX2 in toluene a t  -40 "C: [MI0 = 0.38 M; [HBlo 
= 5.0 mM; [ZnX2]o = 2.5 or 5.0 (only for CF3C02H) mM. HB/ 
ZnX2 = HI/ZnI2 (0); HI/ZnC12 (0); HCl/ZnI2 (A); HCl/ZnBrz 
(A); HCliZnClz (A); CF3C02H/ZnCl2 (W). 

With such a current status of the understanding in mind, 
we herein analyzed a series of mixtures of the HB-IBVE 
adduct (la-c) with ZnX2 by lH NMR spectroscopy as 
well as by polymerization experiments [HB = HI (la), 
HC1 (lb), CF3C02H (IC); ZnX2 = ZnI2, ZnBr2, ZnCl21. 
These adduct 1/ZnX2 systems are well-suited for the study 
of the living growing end 3 for the following reasons: (a) 
the liZnX2 systems can actually initiate living cationic 
polymerization of IBVE; (b) adduct 1 is a model compound 
for the living polymer with a - - - CH (0iBu)-B terminal; 
and (c) various combinations of the anion B and the 
halogen X in the liZnX2 systems, particularly those where 
B differs from X, may give crucial evidence for the nature 
of the activated species 3 and the counteranion (halogen) 
exchange with ZnX2 activator (eq 2). 

Results and Discussion 
1. Polymerization with HB/ZnXZ. Prior to 'H NMR 

analysis, we examined the polymerization of IBVE by HB/ 
ZnX2 (B = I, C1, OCOCF,; X = I, Br, C1) in toluene at  -40 
OC, where the concentrations of B and X are the same 
([Bl = [XI = 5.0mM; [MIO/[HBIO/[Z~X~IO = 380/5.0/2.5 
mM) except for the CF3C02H/ZnCl2 system ([CF3C02HIo/ 
[ZnCl2lo = 5.015.0 mM). In all cases, the polymerizations 
were quantitative, without induction, and of first order 
with respect to monomer. The rate decreased in the order 
HI/ZnI2 > HI/ZnC12 i= HCl/ZnI2 i= HCl/ZnBrz > HCli 
ZnCl2 >> CF&02H/ZnC12 (Figure 1). Note that the CF3- 
CO2H-based system led to the slowest process (100% 
conversion in 4 days), although it employs twice as much 
ZnClp as for the other systems. 

Figure 2 shows the number-average molecular weight 
(fin) and the molecular weight distribution (MWD) of the 
polymers obtained with the six initiating systems. Without 
exceptions, the Mn values of the polymers were directly 
proportional to monomer conversion and in good agree- 
ment with the calculated values assuming that one polymer 
chain forms per HB molecule. The MWD stayed very 
narrow throughout the reaction (Mw/Mn I 1.1). Thus, 
these HB/ZnX2 systems all led to living polymerization of 
IBVE. Similar results have also been reported.5,6*11 

More important, as shown in Figure 1, the polymeri- 
zation rate depends not only on HB but also on ZnX2. 
With HB/ZnC12, the rate decreased with varying HB in 
the order HI > HC1> CFBCO~H, which reflects the order 
of the reactivity of the terminal dormant bond - - -C- 
B.6J1J8 With HCl/ZnX2, on the other hand, the rate was 
in the order for three zinc halides ZnI2 5 ZnBr2 > ZnCl2. 
Apart from the difference in the Lewis acidity of ZnX2, 
this dependence on ZnX2 may be explained by the 
occurrence of the halogen exchange between B in the 
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Figure 2. M,,, Mw/Mn,  and MWD curves of poly(1BVE) obtained 
with HB/ZnX2 in toluene a t  -40 "C: [MI0 = 0.38 M; [HBIo = 
5.0 mM; [ZnXzlo = 2.5 or 5.0 (only for CFsC02H) mM. HBiZnX2 
= HI/ZnI2 (0); HI/ZnC12 (0); HCl/ZnI2 (A); HCl/ZnBrz (A); HCl/ 
ZnCl2 (A); CF3CO2H/ZnC12 (m). The diagonal solid line indicates 
the calculated M, assuming the formation of one living polymer 
per HB molecule. 

polymer terminal and X in the zinc halide; and with ZnI2 
and ZnBr2, the exchange process will convert the C-C1 
bond generated from HC1 into the more reactive C-I or 
C-Br bond, respectively. Accordingly, if the halogen 
exchange occurs faster than the polymerization and if the 
distribution of halides does not depend on where they 
come from (HB or ZnXz), then the HCl/ZnI2 and HI/ 
ZnCl2 systems will give the same polymerization rate as 
long as the concentrations of B and X are the same. This 
expectation is indeed corroborated by the completely 
overlapping time-conversion curves for HCl/ZnI2 (open 
triangles) and HI/ZnC12 (filled circles) shown in Figure 1. 
The possibility of the halogen exchange will be discussed 
more in detail later in this paper on the basis of 'H NMR 
analyses. 

2. lH NMR Analysis. Formation of Adducts 1. 
Previous studies have revealed that HB adds to vinyl ethers 
to give adducts 1 prior to polymerization (eq 1).7*8J1J9 We 
herein synthesized a series of adducts 1 [CH&*H(OCHZ- 
CH(CH3)2)B; B = I (la), C1 (lb), OCOCF3 (lc)] from HB 
and IBVE (see the Experimental Section). The 'H NMR 
spectra of 1, along with peak assignments, are shown in 
Figure 3 (in toluene-d$n-hexane = 3/1, at-40 0C).20 These 
spectra are similar to those reported for the adducts of 
HB (HI,8J9 HC1,ll and CF3C02H7) with IBVE and related 
vinyl ethers. It is worth noting that (1) the chemical shifts 
of the methine proton b adjacent to B are clearly depend- 
ent on B (OCOCF3 I I > C1) and thus mutually distin- 
guishable and that (2) the two methylene protons c1 and 
c2 (-OCH2-) are not chemical shift equivalent because of 
the chiral a-carbon C*.9921 These spectra indicate the 
formation of 1, though the upfield signals (1-2 ppm) of 1 
overlapped with those of n-hexane as solvent.20 

Homo-Halogen Systems: CH&H(OiBu)-X/ZnXz (B 
= X). As a simple combination, a mixture of 1 [CH3- 
CH(0iBu)BI and ZnX2 where B and X are the same 
halogen ("homon combination, B = X = C1 or I) was first 
analyzed by lH NMR spectroscopy at  various tempera- 
tures in toluene-& containing n-hexane (10 vol % )20 and 
diethyl ether (10 vol %)22 ( [ l l ~ / [ Z n X ~ l ~  = 100/20 mM). 

Figure 4 shows the spectra (2.543 ppm) of the mixtures 
of the chloride with ZnClg [lb (B = Cl)/ZnC121. On 
addition of ZnCl2 (in Et20) to a solution of l b  (Figure 4A) 
at  -78 "C, any signals of l b  did not change, though the 
absorption of Et20 interfered with the signals of l b  (Figure 
4B). When the temperature of this solution was raised 
from -78 to -40 OC, however, the two methylene signals 
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Figure 3. lH NMR spectra of [ 110 = 250 mM in toluene-dg/n- 
hexane (3/1) at -40 O C :  la  (B = I), l b  (B = Cl), IC (B = OCOCF3). 
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Figure 4. lH NMR spectra of [lblo = 250 mM in toluene-&/ 
n-hexane (3/1) at -40 "C (A) and the mixture of [lblo = 100 mM 
and [ZnClz]~ = 20 mM toluene-ddn-hexanelEtzO (8/1/1) at -78 
O C  (B), -40 "C (C), and 0 "C (D). 

c1 and c2 became broader, whereas the others (e.g., Hb) 
remained unchanged (Figure 4 0 ,  and at  0 "C the two 
signals became much broader (Figure 4D). In contrast, 
such broadening in the methylene signals of lb was absent 
without ZnClz, even at  a temperature as high as 60 OC. 

These facts indicate that the two methylene protons 
interchange with each other in the presence of ZnCl2 and, 
more important, that the interchange most likely accom- 
panies the interconversion between the 1 and d isomers of 
1. Because such a racemization should involve a weakening 
of the carbon-chlorine bond of 1 assisted by ZnClp, the 
interchange is ascribed to the interaction of the C-C1 bond 
with ZnCl2 in an at  least partly ionic form C6+...C16-.-ZnC1z 
(2, in eq 1). This type of interchange has been found in 
the system with IC (B = OCOCF3) and excess CF3C02H,S 
where CF~COZH serves in a similar manner as ZnCl2. 

Thus, although any signals of the activated form 2 (eq 
1) were not found in the 'H NMR spectra, it probably has 
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Figure 5. lH NMR spectra of [lalo = 250 mM in toluene-dd 
n-hexane (3/1) at -40 "C (A) and the mixture of [lalo = 100 mM 
and [ZnIzlo = 20mM in toluene-dg/n-hexane/EtzO (8/1/1) at -78 
O C  (B), -40 "C (C), and 0 "C (D). 

an ionic rather than covalent character. The reason of 
the failure to observe 2 is probably that the period where 
the dormant species is activated is very short; in other 
words, the time-averaged concentration of 2 is very low. 
That is consistent with the kinetics of the polymerization 
by H I / Z ~ X Z . ~  

Another homo-halogen combination, la (B = I)/ZnI2, 
was also analyzed by 'H NMR. When ZnI2 was mixed 
with la  (Figure 5A), the methylene signal c2 became slightly 
broader even at  -78 "C (Figure 5B). With the temper- 
ature raised to -40 "C, it became far broader (Figure 5C), 
and at 0 "C the two methylene peaks (c1 and CZ) coalesced 
into a single broad peak (Figure 5D). Comparisons of 
Figure 5 (for HI/ZnI2) with Figure 4 (for HCVZnC12) further 
showed that the methylene signals with the iodide (la) 
broaden at  a lower temperature than those with the 
chloride (lb). The faster the two methylene protons 
interchange, the broader the two signals, and finally they 
merged into a single signal. These observations are closely 
related to the fact that the polymerization with HI/ZnIz 
is faster than that with HCl/ZnClZ (see Figure 1). 

Hetero-Halogen System: CH&H( 0iBu)-I/ZnClz 
(B # X). A mixture of 1 and ZnXz, where B and X are 
different ("hetero" combination), was analyzed by 'H NMR 
in the same manner. 

In the spectrum of the la  (B = I)/ZnC12 system at  -78 
"C (Figure 6A), there are clearly two quartets; one (5.6 
ppm) is of course attributed to the methine proton b of 
la  (B = I) originally present and the other (5.3 ppm) to 
the methine proton b' of another adduct, lb (B = Cl). 
Similarly the methylene protons c1' and c2' of the chloride 
adduct lb appeared. These assignments are based on 
Figure 1. It was proved that the exchange reaction between 
the iodine originating from la  and the chlorine in ZnCl2 
occurss. When the temperature was raised to-40 "C (Figure 
6B), not only the methylene signals CZ, CI', and c2' but also 
the two methine peaks b and b' each broadened. When 
the temperature was further raised to 0 "C (Figure 6 0 ,  
the two methine signals merged into an averaged single 
broad peak, which is attributed to a rapid interchange of 
la  and lb. When the temperature was lowered to -40 "C 
again (Figure 6D), the spectrum almost reverted to that 
in Figure 6B. This indicates that the ratio of la to lb is 
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Figure 6. 1H NMR spectra of the mixture of [lalo = 100 mM 
and [ZnClzlo = 20 mM in toluene-&/n-hexane/EtzO (81111) a t  
-78 O C  (A), -40 "C (B), 0 "C (C), and -40 "C (D). 
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Figure 7. 1H NMR spectra of the mixture of [lcl0 = 100 mM 
and [ZnClz]o = 20 mM in toluene-&/n-hexane/EtZO (81111) at 
-78 "C (A), -40 "C (B), 0 "C (C), and 20 O C  (D). 

simply determined by temperature without a thermal 
hysteresis. 

Hetero Systems: CH&H(OiBu)-OCOCFdZnClz. 
As another hetero combination, the spectra of IC (B = 
OCOCFs)/ZnC12 were shown in Figure 7. Unlike the 
observation for the l a  (B = I)/ZnC12 system, IC remained 
unchanged even in the presence of ZnClz at  -78 "C (Figure 
7A). On raising the temperature from -78 "C through -40 
"C up to +20 "C (Figure 7B-D), the single methine 
(-CHOCOCF3) signal b was observed, and the absorption 
of l b  (B = Cl), which would generate from IC and ZnClz, 
was not detected at  all. However, the methylene protons 
became broader a t  a higher temperature (Figure 7D), as 
in the other systems (Figures 5 and 6). These facts 
demonstrate that the C-OCOCF3 bond of IC is indeed 
activated by (or in interaction with) ZnClz but that the 
OCOCF3 moiety is not substituted with the chlorine in 
ZnC12. 

Extent of Counteranion Exchange. Other hetero 
combinations CHsCH(0iBu)-B/ZnXz (B # X) were also 

Table I 
Extent of Counteranion Exchange 

70% -100% a ,... .B. .... - 
C H ~ - ~ H  ,Zn-X U F - - l )  

19 (C-CI) 30% 10% - X 2 OiBu 

1 1 Exchange - l c  (C-O$CF3) 0 %  0% 0 %  
b 8, 0 

CH3-CH, Zn-X [ l (C-B)l0 = 100 mM; [ZnX&, = 20 mM; 

analyzed in a similar way. From the peak intensity ratio 
of the two methine protons b and b' (e.g., Figure 6B), the 
extent of counteranion (halogen) exchange can be calcu- 
lated by the following equation: Exchange (9%) = [(b'/b 
+ b')/(2[ZnX2]~/[110)1 X 100; herein 100% exchange 
implies that all of the halogen X in ZnX2 has been 
incorporated in the adduct 1 to give CH3CH(OiBu)-X. As 
seen from Table I, the C-I bond in adduct la is completely 
converted into C-C1 via the activation by ZnCl2 and also 
into C-Br by ZnBr2 to a considerable extent. In contrast, 
the C-Cl counterpart in lb is hardly transformed into C-I 
or C-Br, and the C-OCOCFs bond of IC cannot be replaced 
with a halogen (X = I, Br, C1) a t  all even though the ester 
moiety is clearly in interaction with the ZnXn activator. 
Namely, the weaker the parent acid HB (CF~COZH < HC1 
< HI) of 1 or the smaller the reactivity of the C-B bond, 
the less the C-B bond is substituted with X in ZnX2. This 
order agrees with that of the nucleofugacity of B-.23 As 
for ZnXz, the weaker the parent protonic acid HX (HCl 
< HBr < HI) of the zinc salt, the more X substitutes the 
C-B bond. Thus, the data in Table I may be systematically 
explained on the basis of the relative affinities of B and 
X toward carbon and zinc atoms. 

In conclusion, this study has demonstrated that zinc 
halide activator not only interacts with the terminal C- 
halogen bond of polymer 3 (eq 1) but also undergoes a 
rapid halogen (counteranion) exchange with the terminal 
halogen (cf. Figure 6 and Table I). Coupled with the ether 
methylene exchange (Figures 4-7), this observation strongly 
suggests that the activated species 3 is at least partly ionic; 
namely, when 3 reacts with a monomer, the living 
propagation proceeds via an ionic intermediate. Even for 
the lc/ZnXa systems, where the OCOCFs part does not 
exchange with halogen, if the mechanism of the interchange 
of methylene protons were concerted, it would be much 
complicated. Therefore, it is also concluded that the 
activated species in the polymerization with lc/ZnXz has 
an ionic character. 

The 1H NMR analysis also indicates that most of growing 
species exist in the form - - -CH(OR)-B, which is per 
se incapable of propagating. Thus, the dormant species 
in the living polymerization based on ^stabilization of a 
carbocation by a counteranion" is a neutral species, in 
contrast to the fact that the dormant species in the po- 
lymerization by CF3S03H/alkyl sulfide, which is based on 
"stabilization of a carbocation by an externally added 
based", is an onium ion.24 

Experimental Section 
Materials. Hydrogen chloride (Aldrich; 1.0 M solution in 

diethyl ether) was used as received. CF3C02H (Nacalai Tesque; 
purity >99%) was diluted with n-hexane, without further 
purification. Hydrogen iodide was obtained as an n-hexane 
solution by dehydration of commercial hydriodic acid (Wako 

1 '  biBuX d,-toluene, -40°C, for 10 min. - 
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Chemicals) with phosphorus p e n t ~ x i d e . ~  The concentrations of 
CF~COZH and HI were determined by titration just before use. 
Zinc halides ZnXz (Aldrich) were all used as received. Purity is 
as follows: ZnI2, >99.99% ; ZnBrz,99.999% ; ZnClz,99.999%. They 
were vacuum dried a t  least overnight just before use and dissolved 
in dry and distilled diethyl ether in a nitrogen-filled drybox. 
IBVE (TokyoKasei;purity>99%) waswashedwithlo% aqueous 
sodium hydroxide and then with water, dried overnight over 
potassium hydroxide (pellets), and distilled twice over calcium 
hydride before use. Toluene-& (Aldrich; purity >99% ) was dried 
overnight over baked molecular sieves (3 A) just before use. 
Toluene and n-hexane (solvents) and carbon tetrachloride (an 
internal standard for gas chromatography) were purified by the 
usual methods and distilled twice over calcium hydride before 
uses4 Diethylether (Dojin; purity >99%, anhydrous) was distilled 
in the presence of LiAlH4 before use. 

Polymerization Procedures. Polymerization was carried 
out under dry nitrogen in baked glass tubes equipped with a 
three-way stopcock. The reaction was initiated by sequential 
addition of prechilled solutions of 1 (in n-hexane; 0.50 mL) and 
ZnXa (in diethyl ether; 0.50 mL) via dry syringes into a monomer 
solution (in toluene; 4.0 mL) containing IBVE (0.25 mL) and 
CCl4 (0.25 mL). After predetermined intervals, the polymeri- 
zation was terminated with prechilled methanol (2.0 mL) 
containing a small amount of ammonia. Monomer conversion 
was determined from its residual concentration measured by gas 
chromatography with CCl4as an internalstandard. The polymer 
yield by gravimetry was in good agreement with the gas- 
chromatographic conversion of the monomer. 

The quenched reaction mixture was washed with 10 % aqueous 
sodium thiosulfate solution and then with water to remove 
initiator residues, evaporated to dryness under reduced pressure, 
and vacuum dried to  give the product polymers. 

The MWD of the polymers was measured by size-exclusion 
chromatography in chloroform at room temperature on a Jasco 
Trirotar-V chromatograph equipped with three polystyrene gel 
columns (Shodex K-802, K-803, and K-804). The M,, and Mw/ 
M,, values of the polymers were calculated from size-exclusion 
eluograms on the basis of a polystyrene calibration. 

Synthesis of the HB-IBVE Adduct (1). The HCl-IBVE 
adduct l b  (B = C1) was synthesized by magnetically stirring a 
mixture of HC1 (in diethyl ether) and IBVE (HCl/IBVE = 1.1/1) 
a t  0 OC for 10 min, the diethyl ether and unreacted HC1 in excess 
were distilled off a t  ca. 0 "C under reduced pressure, and the 
isolated lb  was diluted with n-hexane (ca. 0.8 M) and then sealed 
in brown ampules under nitrogen." The concentration of l b  
was determined by titrating the chloride by the Volhard method.18 
The HI-IBVE adduct l a  (B = I) was prepared by an equimolar 
reaction of HI (in n-hexane) and IBVE in toluene-de a t  -78 0C.8J9 
The trifluoroacetate IC (B = OCOCF3) was synthesized by 
magnetically stirring an equimolar mixture of CF3CO2H (in n- 
hexane) and IBVE (in toluene-&) at 0 The clean and 
quantitative formation of these adducts (la-c) was confirmed 
by lH NMR spectroscopy (see Figure 3). 

'H NMR Spectroscopy. 'H NMR spectra were recorded on 
a JEOL JNM-GSX270 spectrometer, operating without decou- 
plingat 270.7 MHz (toluened8for locking). Themain parameters 
were as follows: spectral width = 6002.4 Hz (22.17 ppm), pulse 
width = 4.3 p s  (45"), acquisition time + pulse delay = 30 s, data 
points = 32768, number of transients = 16 (8 min for one 
spectrum). The probe temperature was regulated with a variable- 
temperature apparatus NM-GVT3 (temperature fluctuation 
5 1 deg). The reaction was started by adding a solution of ZnXz 
(in diethyl ether; 0.06 mL) to a prechilled solution of 1 (in toluene- 
ddn-hexane = 8/1; 0.54 mL) in a septum-capped NMR tube (5 
mm 0.d.) under dry nitrogen via dry syringes a t  -78 O C  ([lI0/ 
[ZnXzlo = 100/20 mM). The tube was vigorously shaken a t  -78 
"C and immediately placed in the thermostated probe. The 
chemical shifts were determined with reference to the methyl 
group of toluene-de (2.09 ppm). 
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