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Stereoisomerism

Similar to low-molecular weight molecules, polymers can

feature stereoisomerism:

= Tacticity
Isotactic polypropylene (it-PP)
Highly crystalline (T,, ~ 160°C)

Syndiotactic polypropylene (st-PP)

Atactic polypropylene (at-PP)
amorphous, sticky

Note: Although high stereoregularity, no optical activity (mirror plane due to long chain length)!
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Optically active polymers: Main chain stereochemistry

Optically active PS from chiral precursor
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Optical rotation of PS after removal of template

Polymerization stereoregular: formation of (S,S)
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Optically active polymers: Main chain stereochemistry

Template-assisted preparation of optically active poly(methyl methacrylate)

Hu H Hll H

Oxo o. O H H
x [0]%405 = -2.7° [0]%%405 = -4.3°

cj:o cj:o rad. o 0 0 KOH / MeOH w CH,N, W
S—g 0" =0 0”0 clJ o? 0
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Optically active polymers: Main chain stereochemistry

Enantioselective cyclopolymerization of 1,5.hexadiene

Zr'\O\BINOL
, ‘O/

[a]og405 = - 49.3°

Mechanism:

Y
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Optically active polymers: polyolefins from Ziegler-Natta polymerization

Table 1. Physical Properties of Poly[(5)-3-methyl-1-pentene] Fractions Having Different Steroregularities®

sample A’ sample B,
Cﬂtﬂl_‘f"st AI{!CH] Hg}j:‘q.—[c-].q Eﬂ.tﬂ.l}"St Al[!'CtHI.jy(TiCl3
solubility ,  WZo*  Inl* mp  Alypls [pl*e  Inl® mp  Alglp
fraction % (deg) (dL/g) ("C) AT % (deg) (dL/g) ("C) AT
acetone-soluble 63 +294 d nd -0.08 24 +758 nd nd nd
acetone-insoluble, diethyl ether-soluble 2.6 +964 008 65-7% —0.23 48 +127 0.13 93-96° nd
diethyl ether-insoluble, benzene-soluble 0.9 +120 0.10 135-140¢ —-0.26 1.5 +146 0.13  187-193" -0.31
ispoctane-insoluble, benzene-soluble 0.4 +158 011 175-180¢ -034 0.5 +157 nd 200-210 —0.39
benzene-insoluble, decalin-seluble 2.0 +161™ | 050 228-232° -0.36 1.7 +158™ 060 200-210° —0.40
residue 87.8 nd OF\“':I 271-273% nd 89.1 nd nd 265—275° nd

2 In tetralin solution. * Determined in tetralin at 120 °C. © In toluene solution. ¥ Molecular weight determined by cryoscopy in
benzene 1200 + 100. © Determined by a Kofler melting point apparatus.  Determined by the X-ray method. # Determined by the
capillary method. # Referred to one monomeric unit. ' Monomer optical purity 91%. ‘Monomer optical purity 89%. ™ £10%.
7 Reprinted with permission from ref 44. Copyright 1963 Wiley-VCH.

= Due to lack of CD transitions, only OR available

= solubility | ... optical rotation 1 ... due to increased it-content

= T1...0R | ... due toincreased thermal disorder of helix chain

= Evidence for helix formation:
optical purity of monomer 1 ...

OR 1 ... non-linearly!
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Helical polymer structures
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Optically active polymer: Helix-sense selective polymerizations

Methacrylates (Okamoto et al.)

(o)

.

(o] anionic polym. v OH
PN
(-)-menthol
TableI
Polymerization with Et,Mg-Chiral Alcohol Systems in Toluene at —78 °C
Chiral alcohol Time, Yield, 7sp/C, {a]2%p (O.P.)e Tacticity, % RN
(R*OH) h % dL/g of polymer I H S N
(1S:2R)-(=)-cis-Myrtanol 2.5 19 0.36 -2.7(2) 7 29 64 N
(1S:2R)-(-)-Borneol 2.5 11 0.20 -0.9 (1)
(1R:3R:48S)-(—)-Menthol 2.5 34 0.26 ~-1.2(1) 3 28 69
(S)-(=)-2-Methylbutanol 8.0 6 ~0 VL :
(+)-1-p-Menthen-9-ol 4.0 5 ~0 ( ) spartelne
(—)-Quinine 48 11 0.38 +14.9 (12) 23 26 51
(+)-Cinchonine 144 18 0.64 ~21.3 (17) 34 32 34
(=)-Cinchonidine 22 46 1.08 +1.2 (1) 7 19 74
(=)-cis-Myrtanol-(—)-sparteine® 96 20 ~42.9 (34) 39 29 32
(—)-Sparteine
a Optical purity (%). b [Myrtanol]/[sparteine] = 1/1.2. Table II
Polymerization with Chiral Catalyst Systems in Toluene at —78 °C
Time, Yield, [«]?°p (O.P.)e Tacticity, %
Catalyst h % of polymer I H S
MentMgCl 7 22 ~-4.8 (4)b 21 30 49
MentMgCl-strychinine(1/1.2) 24 ~Q
MentMgCl-(—)-nicotine(1/1.2) 24 51 -2.4(2) 9 37 54
MentMgCl-(—)-sparteine(1/1.5) 24 16 -108.1 (87) 89 6 5
EteMg—(~)-sparteine(1/1.2) 96 ~0
n-BuLi-(—)-sparteine(1/1.2) 0.2 95 ~0 8 33 59
@ Optical purity (%). ¢ [a]2%2; —9.7°.
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Optically active polymer: Helix-sense selective polymerizations

Methacrylates (Okamoto et al.)

SsuY,
O O ) D)

= High isotacticity when polymerized with nBulLi

>
J

= What happens when using a chiral initiator?

Table I. Polymerization of TrMA by I1 and 111 in Toluene?

THF-soluble polvmer THF-insoluble
_ {ex]"p, deg polymer,
run  initiator solvent temp, °C time, h yield, %  yield, % DP*® in THF in toluene yvield, %
| Il toluene -78 2.9 73 72 62 =70 -85 1
2 Il THF ~78 2.3 93 93 21 —82 -104 0
3 111 toluene —-40 2.0 100 100 42 +262 +363 0
4 111 toluene -62 0.7 66 61 +278 +380 5
5 Il toluene -62 24 100 49 +1334 c 51
6 I toluene —78 1.0 25 25 38 +137 +193 0
7 I toluene -78 2.0 41 41 48 +190 +258 0
3 it toluene =78 3.5 35 54 5% +254 Is 1
9 m toluene -78 5.2 90 18 43 +245 c 724
10 Hi THF —78 2.4 100 100 21 +7 +10 0

@ Monomer /solvent, 1/20 (g/mL); [catalyst]/[monomer], 1/20 (mol/mol). ® Degree of polymerization which was estimated from gel
permeation chromatogram of the PMMA derived from poly(TrMA).'8 ¢ A part of the polymer was insoluble in toluene. ¢ The DP estimated
by GPC was 74,
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Optically active polymer: Helix-sense selective polymerizations

Methacrylates (Okamoto et al.)

nBuLi + chiral auxiliary

-3
( (]

Mechanism Common auxiliaries
N G O
%N(A\NO "\/"
O o
N 7
H OMe
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Optically active polymer: Helix-sense selective polymerizations

Methacrylates (Okamoto et al.)
;:O

= Radical polymerization generally works, but does not necessarily o O
give high isotacticity Q .
= PDBSMA was found to give nearly completely it-polymer Q
L . e . PDBSMA
= Polymerization with chiral initiators / chain transfer agents / solvents
induces optical activity even through radical polymerizations!
RSHar Is : :
00025 000, ;
- - b - x
i} “0” "0 “/SH
" RSHorls f * propagation .
dower 00000 2
(-)-DMP (+)-NMT

Table 4. Radical Polymerization of PDBSMA=

]
chain-transfer agent THEF-soluble part

initiator or solvent M), (M) 1] (M) yield (%) yield (%) [et] 3657 (deg) DpP
(—)-DMP none 0.16 0.16 75 3 +40 44
({-PrOC0O0), (+)-INMT (0.032 M) 0.16 0.003 T1 a — 140 42
({-PrOC0O0) 2 {(—)}-menthol (4.6 M)/toluene 0.05 0.0017 45 1 +180 50

2 Data cited from ref 72. Polymerization in toluene at 40 or 50 "C. * Washed with a benzene/hexane (1/1) mixture. * Hexane-
insoluble products. ¥ In THF.
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Optically active polymer: Helix-sense selective polymerizations

Isocyanides (Novak, Nolte et al.)

= Stiff 4/1 helix RN
]
= Polymerizable with Ni'-salts (e.g. NiCN) \\\-C\ R
) _ _ _ N=C C=N N=C N=C
= First with only helical chiral backbone: R \C/ ?; ‘
U
Resolution of poly(tert-butyl isocyanide) on stationary N‘R

phase of poly((S)-sec-butyl isocyanide)

Mechanism:
R4 R4 R4
’/,N ’/,N H ’zN
R3;—N=C—Ni—C=N—-R, R;—N=C—Ni—C _— R3—N=C—Ni—C=N—-Rj4 —
A —
’/9/ ,,,C/</ NH ‘\’/c/
N N |'Q R,—N” )—NH
Rz R r-NH R

e

Chiral amines induce

single-handed helix!
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Optically active polymer: Helix-sense selective polymerizations

Isocyantes (Shashua, Chen, Green, ...)

o
= |socyanates are polymerizable with NaCN ___ NaCN \é )g\
= Helical rigid conformation of backbone (8/3 helix) DMF R

=  Optically active poly(isocyanates) are obtainable with chiral side groups

ﬂix I

NaCN — [ ]25 = 4+114°
[a]?® = +35°

|

NaCN \éN [a]3® = 160°
[a]}” = +3°

|
r(
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Optically active polymer: Helix-sense selective polymerizations

Isocyantes (Shashua, Chen, Green, ...)

=  CD of deuterated poly(isocyanate) similar to that
of polymer with sterically more demanding

stereocenter » > excess of single-handed helix
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Fig. 1. Optical rotation as a function of degree of polymerization
(DP) for poly((R)-1-deuterio-1-hexyl isocyanate) (3).

=  Temperature-dependence lead to model of

polymer having both right- and left-handed

helices with helix-reversal point
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Optically active polymer: Helix-sense selective polymerizations

Isocyantes (Shashua, Chen, Green, ...)

=  Helix-reversal point: Dynamic helical structure

3t M

L o<b Helical reversal
Helical persistence length

=  Further experimental proof:

s g

Polymerization of achiral monomers with chiral initiator
» » chiral information localized on chain end ] .®
CHs mm . ah0$2%9990
0=C=N i 1° ”
R " ‘_@OCH3 R B
1 |®
A B CHs =00 |
OCH, . * Drop of OR at DP ~ 15
o ] » » approximate persistance length
N initiator 1® k T
Ny - oS Ty ——————— r
Li LNERE SRES LR P
0 2 4 & 8 10 12 14 16 18 20
Degree of Polvmerization
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Optically active polymer: Helix-sense selective polymerizations

The sergeants-and-soldiers experiment

0] 0] 0]
+N—CHN—CHAN—C -

S\\ “\\\\

o_ o
x y z -20°C +20°C My*

Ad 100 -514 =500 490000
B4 100 -336 =310 640000
C 37.3 62.7 -549 -519 630000
D 15.0 85.0 -532 -480 660000
E 4.0 96.0 -436 -308 400000
F 1.0 99.0 =251 =138 670000
G 1.0 99.0 -165 =75 690000
H Q0.5 995 -140 -66 1100000
I 012 99 .88 -64 -26 1300000
J 100.0 0.0 0.0

4Measured at the sodium -D line in CHCl; (¢ = 0.5 mg/mL). éx =
mole percent of (§)-(-)-2,2-dimethyl-1,3-dioxolane-4-methylene iso-
cyanate (monomer (1)); ¥ = mole percent of 2,6-dimethylhepty! iso-
cyanate (monomer (2)); z = mole percent of n-hexyl isocyanate,
¢ Viscosity average molecular weights. See Berger and Tidswell in ref
4. “For the characteristics of the optically active homopolymers A and
B see ref 13 and 14, respectively.
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Sergeants and Soldiers effect

@) O
%C i L-J it L)n

r=0.01

Chiral monomer
dictates helix sense

Soldiers  Sergeants

Maijority rule

QO O
%C—NH_T, c—m{%ﬁr : WWWWWW\
R

(S)

r=0.44

Excess chiral monomer

Majority ~ Minority dictates helix sense
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Optically active polymer: Helix-sense selective polymerizations

Carbodiimides (Goodwin, Novak)

=  Polycarbodiimide: Hybrid between dynamic poly(NCO) and static poly(NC)

R living anionic N|’R
N=C=N —
. oyt
R
= Structure of dimethyl polycarbodiimide (R=CH,):
6/1 helix | Helical Pitch = 1384 671 Helix
el 3 o
© © €
::.. ;.a ‘"::g. e ) 10.?%‘.;‘0 ®q
e. c,. . ¢ ""..(.'g. € b, L.%:.L
D

«

¢
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Optically active polymer: Helix-sense selective polymerizations

Carbodiimides (Goodwin, Novak)

= Catalyst/Initiators: Ti-/Cu-catalysts

= = -5~ - -
Ti Ti N__. _CI N\
Cl/, \o C|/I ‘N/ ©_< /TI\Cl ©_< /
cl 97\ ci | N % N

—Si— —sl,u— —s.—

= Mechanism

IIQ
R : No_.
Initiation: N=C=N X-TiL, =—— X—<N>Tan
R‘ ] ‘\_/ |IQ
X = -NMe,, -OR, -R
R.
|$ RN R JN\ |$
i * oN = : -_— / ——— N
Propagation: X—<, >TiL, N=c=N =—— N—< ST,
!R \_y R |
R
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Optically active polymer: Helix-sense selective polymerizations

Carbodiimides (Goodwin, Novak)

|!Iii'lii Poly-1
(R)
O~ OO

(R) BINOL Ti(IV) Inltlator
Chiral Catalyst
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p— ]
(=] ]
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4001
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Solvent- and temperature dependent chiroptical switching
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Optically active polymer: Helix-sense selective polymerizations

I ' I ! ! ! I ! I ' I

calc. model A/ B _
— P ——

exp. DCM-d, -
— s Mo—d

cDCl, 7

3.0—-
25-
20-
1.5:

1.0

absorbance A —

0.5+

0.0+
18

T T T T 1
00 1700 1600 1500 1400 1300 1200

K
wavenumber/cm  —
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7/2 helix

5/1 helix
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Optically active polymer: Helix-sense selective polymerizations

Phenylacetylenes (Yashima)

=  Polymerization with Rh-catalysts

7 ~ '/'CI\ P N
| | — IRh\ /Rh\
cat. / NEt S
3 Cl
Catalyst for cis-transoidal backbone

=  Several main chain conformations possible (determined by catalyst)

R R R
/N N . PR OK
o DAl R\\//R A

cis-transoidal trans-cisoidal cis-cisoidal trans-transoidal
R R
R R R R
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Optically active polymer: Helix-sense selective polymerizations

Phenylacetylenes (Yashima)

= Dynamic helical structure,
both left- and right handed

can easily interconvert in

solution

=  AFM shows presence of both

helix senses in the same

polymer

=  Can be shown by MD as well

q=90nm
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Optically active polymer: Helix-sense selective polymerizations

Phenylacetylenes (Yashima)

= Helix-inversion can be triggered by solvent! 104

| 40
|:|O 20-
j\@\o N/u\ ——
N
S

same enantiomer
CHCI; > DMSO
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p
O--I- >=
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&
1

N
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Optically active polymer: Helix-sense selective polymerizations

Phenylacetylenes (Yashima)

= Induction of preferential helical screw sense into achiral

polymer via interaction with small chiral molecule

Amines
MH, d
. . ‘ ‘ Optically inactive ’ ’ ’ ’ ik | JNH4 e
® 9 polyacatylenes 9 ® o A~ (\ - {
! ! ~
14 - ) H
— N (Sr (1R.2A115 {m_mm =
°. (A)-Enantiomer H (S)-Enantiomer
: rile 'sz “
cis-transoidal - .
$ 43 s ranso 3 AN A
Induced left-handed helix Induced right-handed helix J s Tl\:_:,
®= x- L oo  oso L
. O OH  OR2aRm=H OH HOTTOH: 3
i 1 2b:R=Et 3 4 f;
! 2c:R=Ph ! 2r
' : H
i o) ] )
: Me A\ J’\(\ /ﬁ i N -::E
L ’} ON | onad lo E T
X 1 SWwe [ [ ) gczg:'f_yifno- :
i 0 o” NH, D q
8 = 41 (1R25-15
............................................................................................ ;L_ (FA-16
x —2f (A7
T (A8
O’ OH Me—IL:‘Me . .
NEL BN NEL 2 300 400 500 550
13 Wanelength {nm)
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