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Conclusions 

s o  
0 0.5 1 .o 
IHBrl,,o /([HBrl,,o+IHCll,,o ) 

Figure 6. Relationship between the fraction of C-HBr in the 
membrane and the feed fraction: (0) membrane 1; (0) membrane 
2. Experimental and calculated values are summarized in Table 
111. 

trial and error, we fitted eq 9 to the data. The solid lines 
in Figure 6 were calculated by assuming values CY = K'/K 
= 2 / 1  for membrane 1 and for membrane 2. In other 
words, in membrane 1, the salt formation constant between 
the carrier and HC1 was 2 times greater than that between 
the carrier and HBr. In the membrane 2 system, the salt 
formation constant between the carrier and HBr was 25 
times greater than between the carrier and HC1. The 
different membrane polarities may be the reason for the 
drastic difference in salt formation constants even though 
membrane 1 and 2 contained the same fixed carrier. 
Membrane 1 formed a more stable complex with hydro- 
philic C1- than with hydrophobic Br-. In contrast, mem- 
brane 2 formed a more stable complex with Br- than C1-. 
In conclusion, the membrane polarity not only determined 
the transport mechanism but also played an important role 
in controlling affinity between carriers and substrates 
(halogen ions). 

Membrane 1 (highly polar) transported halogen ions not 
only by an antiport mechanism with OH- transfer but also 
by a symport mechanism with H+ transfer. Membrane 2 
(low polarity) transported halogen ions only by a symport 
mechanism. Membrane 1 selectively transported Cl-, while 
the membrane 2 transported Br-. The values K'/K = 2 / 1  

for membrane 1 and l /w for membrane 2 were determined. 
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Dichlorocarbene Adducts of 1,4-Polybutadienes. Improved 
Synthesis and Characterization by High-Field NMR 
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ABSTRACT An efficient method for obtaining the dichlorocarbene adducts of 1,4-polybutadienes is described. 
The procedure involves mild, nonbasic, and homogeneous reaction conditions to generate dichlorocarbene 
from the organomercury precursor phenyl(bromodichloromethy1)mercury (Seyferth reagent) in the presence 
of polybutadienes. This methodology represents a significant improvement over treatment of chloroform 
with strong base in that strictly neutral conditions are employed; no block structure results and high degrees 
of conversion can be achieved readily. Complete double bond conversion provides the structural equivalent 
of 1:l poly(dichlorocyc1opropene-co-ethylene). We use high-field NMR to characterize the chemical mi- 
crostructures of the adducts from both cis- and trans-1,4-polybutadienes at varying extents of cyclopropanation 
and verify that carbene addition is stereospecific. Proton NMR (500 MHz) is used to measure the degree 
of conversion and establish the geometry of the cyclopropyl ring. Carbon-13 NMR (125.7 MHz) is used to 
probe more detailed microstructural features involving monomer and stereosequence effects. Monomer sequence 
pentads are observed for olefinic carbons in partially converted materials, whereas the gem-dichloro carbons 
are less sensitive and reveal triad monomer sequences. These quaternary carbons also reveal triad stereochemical 
sequences in the trans adducts. The copolymers are almost perfectly random (Bernoullian) in both monomer 
and stereosequence distribution. 

Introduction 
Recently we described the synthesis and characterization 

of a series of novel cyclopropanated fluoropolymers ob- 
tained by the addition of difluorocarbene to  cis- and 
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trans-1,4-polybutadienes.' The carbon-13 NMR assign- 
ments of these copolymers, particularly for the cyclopropyl 
ring carbons, were complicated by the presence of signif- 
icant I3C-l9F scalar couplings, which obscured the fine 
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PhHgBr appeared upon concentration of the filtrate under 
vacuum, and it was separated by centrifugation. The polymer 
was precipitated into a large volume of methanol containing 
2,6-di-tert-butyl-4-methylphenol as an antioxidant, collected, 
washed several times with methanol, and dried under vacuum 
at ca. 25 "C for 24 h. The polymer was then purified by dissolution 
in a small volume of chloroform and reprecipitation in methanol. 
The conversion of double bonds was estimated by integration of 
the appropriate resonances in the proton NMR spectrum (vide 
infra). 

Analytical Methods. Thermal measurements (DSC and 
TGA) were performed performed on a Du Pont 1090 thermal 
analyzer that was equipped with a DSC cell base and a Du Pont 
951 thermal gravimetric analysis attachment. 

NMR Measurements. The 500-MHz proton NMR spectra 
of polymer samples were acquired at room temperature on a JEOL 
GX-500 spectrometer. Typically, a 7-10% (w/v) polymer solution 
in CDC13 was used with tetramethylsilane (Me,Si) as an internal 
reference standard. The 125.7-MHz carbon-13 NMR spectra were 
recorded on a JEOL GX-500 instrument, from CDC13 solutions 
containing at least 15% (w/v) polymer and Me,Si as an internal 
reference. About 10 000 transients were accumulated by using 
a sweep width of 25 kHz in 64K memory. Pulse repetition times 
were 5-10 s between 90" pulses (30.0-p duration), and broad-band 
proton decoupling was used. 

Resul ts  a n d  Discussion 
Generation of Dichlorocarbene. Dihalocarbenes are 

generated very conveniently under strongly basic condi- 
tions from readily available materiah6 Of concern, how- 
ever, is the susceptibility of the carbenophile to the basic 
conditions employed in these reactions. In such cases, the 
use of phenyl(trihalomethy1)mercury compounds (Seyferth 
reagent) as dihalocarbene precursors is preferred, as evi- 
dent from the work of Pinazzi and L e v e ~ q u e . ~  These 
reagents release the hypovalent species (:CX,) in a neutral 
medium under mild thermal treatment.'O Admittedly most 
of these reagents are not commercially available and re- 
quire synthesis involving organomercurial intermediates. 
Nevertheless, when a t  hand these organomercury pre- 
cursors provide very clean and quantitative gem-dihalo 
cyclopropanation of olefins. 

Our attempts to repeat the more traditional literature 
procedure involving a two-phase basic medium2 were not 
successful when forced to high degrees of conversion. We 
became cognizant of the base sensitivity of 1,4-PBD from 
the recent study by Dias and M ~ C a r t h y , ~  which revealed 
the formation of conjugated double bonds (sequence length 
ca. 10) along the chain. The extent of blockiness appar- 
ently depends on the strength of base employed and not 
on temperature. Thus, we discarded the option of gen- 
erating the carbene by base-induced a-elimination of 
halocarbons in the presence of 1,4-PBD.* 

cis- and trans-l,li-PBD have been shown to trap di- 
fluorocarbene very efficiently and thereby afford a series 
of copolymers having varied compositions with a random 
monomer sequence distribution.' The success of this re- 
action rested on the choice of carbene precursor, i.e., the 
organomercurial PhHgCF3, which evolved :CF, cleanly in 
a neutral environment. We explore the scope of this 
procedure here by preparing the dichloro analogues and 
examining the polymer sequence structure in detail. 
Phenyl(bromodichloromethy1)mercury (PhHgCBrCl,) 

was prepared as the dichlorocarbene precursor by the 
one-pot synthesis method of Seyferthg 

structure from sequence effects. Thus certain resonance 
patterns could not be interpreted with complete confi- 
dence, so we chose to observe the analogous dichloro- 
carbene adducts as models to assign these ambiguous 
features. 

The synthesis of the dichlorocarbene adducts of 1,4- 
polybutadienes (cis-PBD:CCl, and truns-PBD:CC12) using 
the procedure of Komoroski et  a1.* did not prove to be 
straightforward and efficient in our hands. For example, 
we could not realize essentially complete double bond 
conversion (>97 % ) by this method. The adducts were 
noticeably colored as well, even a t  low levels of conversion, 
probably due to conjugation arising from the reported 
base-catalyzed is~merization.~ Moreover, a block sequence 
structure and two-phase morphology result from the solid 
alkali metal hydroxide/chloroform system.2 Thus an im- 
proved method for the synthesis of cis-PBD:CCl, and 
truns-PBD:CCl, seemed appropriate. 

Pinazzi e t  al.4,5 have investigated this system in some 
detail and found that the generation of dichlorocarbene 
by base-induced a-elimination was inferior to the ther- 
molysis of phenyl(trihalomethy1)mercury compounds. We 
therefore adopt the latter procedure here for the synthesis 
of a series of dichlorocarbene adducts of 1,Cpolybutadienes 
since it utilizes mild, neutral, and homogeneous conditions. 
Furthermore, this method allows the preparation of purely 
random adducts having virtually any desired monomer 
composition (up to >98% double bond conversion). Block 
monomer sequences are avoided in the resulting co- 
polymers on account of the homogeneous and nonbasic 
nature of the reaction environment. 

The cyclopropanated materials maintain the geometrical 
configuration of the precursor polymers as expected from 
the synchronous addition of a singlet carbene across a 
double bond, which is known to be stereospecific! Proton 
NMR spectroscopy (500 MHz) confirms this fact and al- 
lows a simple determination of the degree of conversion. 
Furthermore, high-resolution carbon-13 NMR spectros- 
copy is employed to reveal details of chemical micro- 
structure that were not considered by Pinazzi et  aL4v5 and 
that were not apparent in the more recent work of Ko- 
moroski et  aL2 

Experimental  Section 
Materials. 1,4-trans-Polybutadiene (trans-PBD) was syn- 

thesized by an emulsion technique utilizing a rhodium-based 
cataly~t,~ 1,4-cis-Polybutadiene (cis-PBD) was used as obtained 
from Aldrich. The isomeric purity of the cis and trans form was 
better than 98% in both cases, according to an analysis of the 
starting polymers by carbon-13 NMR. The 1,2 content was 
vanishingly small. Phenyl(bromodichloromethy1)mercury 
(PhHgCBrCl,) was obtained in ca. 25% yield according to the 
procedure of Seyferth et al.8~~ Repeated attempts to raise the yield 
to 75% as reported in the literatureg were not successful. Benzene 
(99.9%, Aldrich) was refluxed over calcium hydride for 24 h and 
then distilled and stored over molecular sieves in a nitrogen 
atmosphere. tert-Butyl alcohol was dried by refluxing over ac- 
tivated calcium oxide for 24 h and collected by distillation prior 
to use for the preparation of PhHgCBrCl,. 

General Procedure for Carbene Addition. PhHgCBrCl, 
(10-20% molar excess with respect to double bonds in the 
polymer) was added to the polymer solution in benzene (1% (w/v) 
at room temperature. The mixture was vigorously stirred and 
heated under a nitrogen atmosphere. The PhHgCBrCl, dissolved 
at about 50 "C and the reaction mixture became completely 
homogeneous, after which the solution was heated to reflux for 
8-12 h. The progress of the reaction could be followed by the 
disappearance of PhHgCBrCl, by TLC and also by the precip- 
itation of PhHgBr from solution. 

Upon completion of the reaction, the mixture was allowed to 
cool to room temperature and filtered to remove PhHgBr. More 

This reagent releases dichlorocarbene quantitatively when 
heated to ca. 80 "C in benzene, and adducts are formed 
in high yield if an olefinic trap like PBD is present. The 
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Table I 
Glass Transition and Crystalline Melting Temperatures of 

Dichlorocarbene Adducts of 1,4-Polybutadienes 
% conversion" To, "C T,, O C  

cis-PBD:CCl, 
0 -99.5 --9.3 

40.0 -44.8 
75.0 +8.8 
97.0 +28.9 

trans-PBD:CCl, 
0 -85.0 119.0 

24.4 -53.4 8.0 
70.6 +5.5 
81.0 +7.4 
98.1 +15.2 

a Percent conversions determined from l'C and 'H NMR. 

reaction conditions are mild, nonbasic, and homogeneous 
in contrast to the ubiquitous generation of dichlorocarbene 
from CHC13 and strong base in a two-phase system. As 
the reaction progresses, PhHgBr separates out of solution; 
however, the polymer product always remains soluble. 
This homogeneous reaction environment favors the gen- 
eration of a random monomer sequence distribution and 
the achievement of high conversion. The reaction is ef- 
ficient and is essentially complete in 8-12 h. 

Using the present method, we were able to synthesize 
a series of PBD:CCl, adducts having different monomer 
compositions by varying the molar ratio of the precursor 
to double bonds in the chain. The geometry of the cy- 
clopropyl ring maintains the double bond configuration 
of the precursor polymer; this result is expected from the 
ground-state singlet electronic structure of :CC12." How- 
ever, the stereochemical configurations of the materials are 
random (vide infra). 

TGA analysis of cis-PBD:CCl, and trans-PBD:CClz after 
essentially complete reaction, which gives structural 
equivalents to alternating 1:1 poly(dichlorocyc1opropene- 
co-ethylene) copolymers, shows that these materials are 
thermally stable up to 350 "C. The excellent stability has 
been noted by Pinazzi and Levesq~e .~  The glass transition 
temperatures ( Tg) of the adducts obey a linear dependence 
on composition, as expected of random copolymt.rs.lZ 
Table I shows that the Tg values increase with conversion 
but never excede room temperature, in contrast to the 
values reported by Komoroski et al., which approach 60 
OC., A possible cause of higher Tg values is cross-linking. 
We find no evidence for crystallinity in these materials, 
un1ik.t the case for the analogous difluoro adducts.' 

PI oton NMR of cis - and trans -PBD:CCI, Adducts. 
Figure 1 shows the 500-MHz proton NMR spectra of the 
:CCl, adducts from each isomer of 1,4-PBD, which are very 
similar in appearance to those from the corresponding 
difluoro isomer' and do not reveal any sequence fine 
structure. The cyclopropyl methine proton and methylene 
protons next to the ring give overlapping signals for the 
cis adducts but have well-resolved resonances for the trans 
adducts (see Figure 1). This observation was used to verify 
that the geometry about the double bond was not scram- 
bled during :CC1, addition. Olefinic and allylic proton 
resonances signify unreacted double bonds and are sepa- 
rated from the rest of the resonances in both isomeric 
adducts. Therefore proton NMR is a simple method to 
measure the degree of conversion, as was the case for the 
analogous difluoro adducts,' by comparing the integrated 
intensities from olefinic and aliphatic resonances. 

Carbon-13 NMR Spectra of cis- and trans-PBD: 
CC1, Adducts. The 125.7-MHz carbon-13 NMR spectra 
of CIS- and trans-PRD:CC12 adducts with partial conversion 

TMS 

( a )  

TMS 

( b )  

I I I I 
7 5  5.0 2 . 5  0.0 

PPm 
Figure 1. 500-MHz Proton NMR spectra of (a) cis-PBD:CC12, 
and (b) trans-PBD:CC12 adducts with the indicated percent 
conversions, observed in CDC1, at room temperature. 

TMS 
I 

> CH I 

I O )  

~ __ ~ 

f40 1PO (00  80 60 40 EO 0 

ppm 

Figure 2. 125.7-MHz Carbon-13 NMR spectra of (a) cis- 
PBD:CCl,, and (b) trans-PBD:CC12 adducts a t  partial conversions, 
observed in CDC1, a t  50 O C .  

are shown in Figure 2. Three spectral regions may be 
distinguished for each isomer, corresponding to aliphatic, 
gem-dichloromethylene, and olefinic carbons from high to 
low field, respectively. The protonated and >CC1, carbons 
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Figure 3. Aliphatic carbon resonances in the 125.7-MHz car- 
bon-13 NMR spectra of cis-PBD:CClz adducts at (a) 40.0%, (b) 
75.0%, and (c) 97.0% double bond conversion, observed in CDCI, 
at 50 "C. 

of each isomer have been assigned by Komorski et  al.? and 
these assignments were confirmed in the present work. 

The carbon-13 resonances for cyclopropyl methine 
carbons and methylene carbons next to the ring always 
appear upfield in cis adducts from the corresponding 
carbons in the trans materials. This fact gives a clear 
distinction of cis from trans, and the spectra of the adducts 
clearly prove that :CCl, addition preserves the geometrical 
isomerism of the starting polymers. Additionally the in- 
tegrated peak intensities of protonated carbons were used 
to measure the extent of double bond conversion, and these 
values were in excellent agreement with the numbers de- 
rived from proton NMR spectra (vide supra) and are 
summarized in Table I. 

Detailed Carbon-13 Microstructure of cis-PBD: 
CClz Adducts. The carbon-13 NMR spectra a t  40.0%, 
75.0%, and 97.0% conversions are shown in Figures 3-5 
and illustrate the salient microstructural details of cis- 
PBD:CCl, adducts. The corresponding assignments and 
structural formulas are summarized in Tables 11-IV, where 
the notations C and D are used to represent reacted 
(CH2CH-CHCHJ and unreacted (CHzCH=CHCHz) 
polymer repeat units, respectively. 

Figure 3 shows in detail the aliphatic carbon resonance 
region of cis adducts, which has fine structure from se- 
quence effects. Methylene carbons that are allylic or next 
to the cyclopropyl ring exhibit monomer sequence diad 

- 

3 

I I I 
67 65  63 

ppm RELATIVE TO TMS 
Figure 4. 125.7-MHz Carbon-13 NMR spectra of the dichloro- 
methylene carbon (>CCl,) in cis-PBD:CC12 adducts at (a) 40.0%, 
(b) 75.0%, and (c) 97.0% double bond conversion, observed in 
CDCIB at 50 "C. 

I I I 1 
133 131 129 127 

ppm RELATIVE TO TMS 

Figure 5. Olefinic carbon resonances in the 125.7-MHz carbon-13 
NMR spectra of cis-PBD:CClz adducts at (a) 40.0%, and (b) 
75.0% double bond conversion, observed in CDCI, at 50 "C. 

effects, whereas the cyclopropyl methine carbon clearly 
combines monomer sequence triad and tacticity splittings, 
as assigned in Table 11. 
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Table I1 
lsC Chemical Shif ts  of Aliphatic Carbons of cis-PBD:CC12 

Adducts (See Figure 3)“ 

DDD 
CI -A- DCD 

&-- DCC 

chem shift vs. 
peak desig sequence assignt Me,Si, ppm 

DD 27.4Tb 

DC, CD 
DC, CD 
cc 
( m  and r )  

DCD 
DCC (m  and r)  
CCD (m’ and r’) 

ccc 
(rr’,rm’,mm’,mr’) 

27.43 
26.35 
25.11 
24.33‘ 
24.31 
24.16‘ 
24.10 
32.58 
32.78 
32.68 
32.61 
32.58 
32.77 
32.69 
32.63 
32.56 

a Structural --rmulas for sequence determinations are t-.3wn. 
Fine structures may arise from higher order monomer sequencing. 

Table I11 
I3C Chemical Shif ts  of Dichloromethylene (>CCl,) Carbon 

in  cis-PBD:CCI, (See Figure 4)” 
CI 

& - DCD 

-- /qJqJq ccc 
them shift vs. 

peak desig sequence assignt Me,Si, ppm 
1 DCD 65.71 
2 DCC 65.40 
3 ccc 65.09 

Structural formulas for sequence determinations are shown. 

For example, a t  97% conversion virtually all monomer 
sequence triads are CCC, so that any significant resonance 
multiplicity must represent stereochemical isomerism. 
Thus we are able to deduce that triad tacticity influences 
both the cyclopropyl methine carbon and methylene car- 
bons adjacent to the ring. Since the methine ring carbons 
are not centrosymmetric, the CCC triad stereochemical 
environment generates four nonequivalent environments 
accounting for the quartet fine structure. At lower con- 
versions we note the superposition of these tacticity effects 
on monomer sequence fine structure (Table 11). 

The gem-dichloro carbon-13 spectral region for cis ad- 

Table IV 
I3C Chemical Shif ts  of Olefinic Carbons in cis-PBD:CC12 

Copolymers (See Figure 5 ) O  

1 1  

-- - DDDDD 

2 1  
m n  

DDDDC 

CDDDC 

- DDDCD 

them shift 
vs. Me,Si, 

peak assiant carbon-type sequence ppm 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

DDDDD-m,n 
DDDDC-m 
DDDDC-n 
CDDDC-m,n 
DDDCD-m 
DDDCD-n 
CDDCD-m 
CDDCD-TI 
DDDCC-m 
DDDCC-n 
CDDCC-m 
CDDCC-n 
DCDCD-m,n 

DCDCC-n 
DCDCC-m 

CCDCC-m,n 

129.63 
129.77 
129.50 
129.63 
130.48 
128.74 
130.35 
128.87 
130.60 
128.63 
130.46 
128.75 
129.58 
129.67 
129.47 
129.58 

‘Structural formulas for some representative sequences are 
shown. 

ducts is shown in Figure 4. These carbons are sensitive 
to monomer sequence triads but not tacticity. Thus the 
evolution of DCD, DCC and CCC triads is reflected by the 
relative change in peak intensities in spectra a and b a t  
40% and 75% conversions, respectively. Finally, a t  97% 
conversion the sequence CCC yields a singlet carbon res- 
onance, as expected when there is no stereochemical sen- 
sitivity. The chemical shifts corresponding to different 
monomer sequences are compiled in Table I11 for the 
quaternary carbon. 

The olefinic carbon-13 resonances are the most sensitive 
to structural environment and are split accvrding to mo- 
nomer sequence pentads. There are 16 possible lines that 
have been observed and assigned (see Figure 5 and Table 
IV). The resonance patterns show a deceptive similarity 
a t  low and high conversions, which results from nearly 
equal upfield and downfield shift contributions within 
directionally nonequivalent carbon sequences (e.g., DDD- 
DC and CDDDD). A similar effect was noted for the 
analogous difluorocarbene adducts1 and for partially ep- 
oxidized 1,4-polydienes.13J4 

For example, we note here that two cyclopropyl groups 
in a CC diad next to the central double bond cause a 
drastic spread in chemical shift compared to the presence 
of an isolated C unit (e.g., compare DDDCC vs. DDDCD, 
Table IV), whereas when the two rings are disposed about 
the double bond (i.e., DCDCD), they produce minimal shift 
perturbation. The overly simpiistic pattern is a conse- 
quence of the fortuitous overlap of certain peaks (e.g., 2 
and 4, 5 and 11, 6 and 12, etc.). 

These assignments are supported by computer simula- 
tion of the olefinic carbon resonance patterns, which fits 
Lorentzian lines to the given chemical shifts (Table IV) 
assuming a constant line width (3 Hz) and a random 
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Figure 6. Computer simulations of the olefinic carbon-13 NMR 
resonances for cis-PBD:CCl, adducts a t  the partial conversions 
shown. The upper spectra are those observed in CDC1, a t  50 O C .  

The bottom spectra are computer simulations for the corre- 
sponding conversions and were generated by using the appropriate 
chemical shifts (Table IV) and line widths (3 Hz). The sequence 
probabilities were generated according to Bernoullian statistics. 

Table V 
18C Chemical Shif ts  of Aliphatic Carbons of 

trans-PBD:CC12 Adducts (See Figure 7)" 

'- w.' / DDD 
1 

CIZ 
4 

Ch 
'. , 2 ** DCC 

6 

J '% ccc 
chem shift vs. 

peak desig sequence assignt Me,Si, ppm 
1 DD 32.71b 

2 DC, CD 
3 DC, CD 
4 cc 
5 DCD 
6 DCC ( m  and r )  
7 CCD (m' and r') 

( m  and r )  

8 ccc 
(mr',rr',mm',rm') 

32.60 
31.53 
30.34 
29.43b 
29.24 
35.90 
36.04b 
35.94 
35.85 
35.70 
35.91 
35.78 
35.77 
35.65 

" Structural formulas for sequence determinations are shown. 
Fine structures may arise from higher order sequence effects. 

distribution of reacted units. The observed and simulated 
spectra agree closely at var ious levels of conversion, as 
shown i n  F igure  6. 

Detailed Microstructure of trans -PBD:CC12 Ad- 
ducts. The carbon-13 NMR spectra of trans-PBD:CC12 
adducts at 24.4%, 70.6%, and 98.1% conversion reveal 
several significant microstructural details. These spectra 
are shown in Figures 7-9, and the corresponding sequence 
ass ignments  are given in Tables V-VII. The carbons  i n  
the trans adducts e x h i b i t  s imi la r  sens i t iv i ty  to t h e i r  

4 

38 36 34 32 30 28 26 
ppm RELATIVE TO TMS 

F i g u r e  7. Aliphatic carbon resonances in the 125.7-MHz car- 
bon-13 NMR spectra of trans-PBD:CCI, adducts a t  (a) 24.4%, 
(b) 70.6% and (c) 98.1% double bond conversion, observed in 
CDCl, a t  50 O C .  

Table VI 
13C Chemical Shif ts  of Dichloromethylene (>CCl,) Carbons 

of trans-PBD:CCl, Adducts (See Figure 8)n 

1CIz 
'* e,\* / DCD 

'- ccc 
chem shift vs. 

peak desig sequence assignt Me,Si, ppm 
1 DCD 67.11* 

67.06 
2 DCC 66.71b 

(m and r )  66.63 
3 ccc 66.37 

(mm,rm, and rr)  66.25 
66.13 

Structures for sequence determinations are shown. Fine 
structures may be assigned to  the presence of higher order se- 
quence isomers. 

structural envi ronment  to the i r  counterpar t s  in  the cis 
isomers  discussed above. T h e  q u a t e r n a r y  >CCl, carbon 
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Figure 8. 125.7-MHz Carbon-13 NMR spectra of the dichloro- 
methylene carbon (>CCl,) in trans-PBD:CCl, adducts at (a) 
24.470, (b) 70.6%, and (c) 98.1% conversion, observed in CDCl, 
at 50 O C .  

is the only exception, in that its resonance is sensitive to 
stereochemical effects that  did not perturb the corre- 
sponding resonance in cis adducts. 

The aliphatic carbon resonances a t  various levels of 
conversion are shown in Figure 7. The methylene carbons 
are sensitive to diad monomer sequences, whereas the 
cyclopropyl methine carbon exhibits monomer sequence 
triad splittings. Diad tacticity produces well-resolved m 
and r components for the methylene carbon next to the 
ring (in fact, triad components are just resolved). The 
cyclopropyl methine resonance has three components a t  
98.1 % conversion, which derive from the four nonequiv- 
alent triad stereochemical environments in the CCC mo- 
nomer sequence (mm', mr', rm', and rr?, with fortuitous 
overlap of the central two lines. The chemical shifts 
corresponding to these various structural isomers are 
tabulated in Table V. 

The dichloromethylene carbon-13 resonances from 
truns-PBD:CCl, adducts are shown in Figure 8, and the 
corresponding chemical shifts are summarized in Table VI. 
Both monomer and stereosequence triads have to be 
considered to explain the observed multiplicity of the 
XC1, resonance in trans adducts. This is rather surprising 
since this carbon remained insensitive to tacticity effects 
a t  any level of conversion in both cis- and trans-PBD:CF, 
adducts, as well as cis-PBD:CC12 adducts. The stereo- 
chemical triad effect becomes obvious at  98% conversion, 
where the monomer sequence triads are almost exclusively 

16,13 

I 

1 I I 1 
132 130 128 126 

ppm RELATIVE TO TMS 

Figure 9. Olefinic carbon region of the 125.7-MHz carbon-13 
NMR spectra of trans-PBD:CCl, adducts at (a) 24.4%, and (b) 
70.6% double bond conversion, observed in CDC13 at 50 "C. 

OBSERVED 

SIMULATED 

Figure 10. Computer simulation of the olefinic carbon-13 NMR 
resonances for trans-PBD:CCl, adducts at partial conversions. 
The upper spectra are those observed in CDCl, at 50 "C. The 
lower spectra are computer simulations for the corresponding 
conversions and were generated by using the appropriate chemical 
shifts (Table VII) and line widths (3 Hz). The sequence proba- 
bilities conform to  Bernoullian statistics. 

CCC and the iso, hetero, and syndio components can be 
observed. The components generate three lines for the 
centrosymmetric >CC1, carbon, in contrast to the four 
distinct triad environments for the methine and methylene 
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Table VI1 
I3C Chemical Shifts of Olefinic Carbons of trans-PBD:CCl, 

Adducts (See Figure 9)Q 

chem shift 
vs. Me,Si, 

peak desig carbon-type sequence PPm 
1 DDDDD-m,n 130.07 
2 DDDDC-m 130.20 
3 DDDDC-n 129.94 
4 CDDDC-m,n 130.07 
5 DDDCD-m 131.04 
6 DDDCD-n 129.23 
7 CDDCD-m 130.93 
8 CDDCD-n 129.35 
9 DDDCC-m 131.18 

10 DDDCC-n 129.10 
11 CDDCC-m 131.06 
12 CDDCC-n 129.23 
13 DCDCD-m,n 130.18 
14 DCDCC-m 130.31 
15 DCDCC-n 130.06 
16 CCDCC-m,n 130.18 

Structural formulas of some representative sequences are 
shown. 

carbons discussed above. At  intermediate conversions (e.g. 
70%), we observe a more complex spectral pattern for the 
>CC12 carbon owing to the superposition of monomer and 
stereosequence triads. 

The olefinic carbon resonances are sensitive to monomer 
sequence pentads, as expected by analogy with the di- 
fluorocarbene case.l The spectra are shown in Figure 9 
a t  two levels of conversion. The 16 distinct monomer 
sequence pentads were assigned as described previously, 
and the results are summarized in Table VII. These as- 
signments allow a good match by computer simulation, as 
shown in Figure 10, where we find that Bernoullian sta- 
tistics are appropriate for the trans isomers as well. 

Conclusions 
The significance of the generation of dichlorocarbene 

in the presence a base-sensitive carbenophile like 1,4- 
polybutadiene under neutral, homogeneous reaction con- 
ditions is emphasized here. The present synthetic meth- 

odology allows facile double bond conversion to a t  least 
>97 % , thereby providing structural equivalents of 1:l 
poly(dichlorocyc1opropene-co-ethylene), with a strictly 
alternating monomer sequence distribution. The partially 
converted materials are free from blockiness along the 
chain, in contrast to the structures resulting from prepa- 
ration under strongly basic heterogeneous conditiom2 

High-field carbon- 13 NMR analysis provides informa- 
tion on the chemical microstructure of PBD:CC12 adducts 
that  was not considered by Pinazzi et al.4$5 The present 
assignments are more detailed and extensive than those 
reported recently by Komoroski et a1.2 In particular, the 
carbon-13 NMR assignments for the truns-PBD:CCl2 ad- 
ducts are reported here for the first time. We find that 
:CC12 addition to polybutadienes is random in both mo- 
nomer and stereosequence, due to the homogeneous nature 
of the reactions described here and the absence of any 
neighboring-unit effects on reactivity. 

Our next paper in this series dealing with halocarbene 
adducts of 1,4-PBD will describe the products from :CFCl 
addition. This system is interesting because the carbene 
is unsymmetrical, so that addition can show stereoselec- 
tivity in the case of cis-PBD. 
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