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ABSTRACT

Chapter 1
The synthesis and reactivity of molybdenum imido alkylidene complexes containing

carboxylates as ancillary ligands is presented. Addition of excess sodium triphenylacetate
to Mo(N-1-adamantyl)(CHCMe,Ph)(OTf),(DME) produced pale yellow crystalline Mo(N-
1-adamantyl)(CHCMe;Ph)(O,CCPhs3); (1a) in 76% yield. By similar methods a class of
analogous complexes can be prepared as long as the carboxylate ligand is sufficiently large
to prevent bimolecular decomposition and the formation of 'ate-complexes’. An X-ray
structural study of Mo(NAr')(CHCMe3)(O,CCPh3); (Ar' = 2-+-Bu-CgHy) (2b) confirmed
the syn configuration of the alkylidene ligand, suggested by the small alkylidene CHg
coupling constants (117-123 Hz) of these complexes. Both carboxylate ligands are bound
to molybdenum in a bidentate (m?), but unsymmetrical fashion. The syn/anti rotamer
conversion behavior also suggests a coordination number higher than 4 in solution.
Complexes containing the adamantylimido or the 2-#-butylphenylimido ligand are potent
initiators for the polymerization of diethyldipropargylmalonate (DEDPM). An X-ray study
of Mo(NAr)(CHCMe;,Ph)(0,CCMePhj), (Ar = 2,6-i-Prp-CgH3) (4) suggests effective
blocking of access to the metal center by the isopropyl substituents as an explanation for the
lack of reactivity towards DEDPM of complexes containing the 2,6-
diisopropylphenylimido ligand. This argument is supported by the inability of these
complexes to form PMej3 adducts in contrast to complexes containing the adamantylimido
or the 2-t-butylphenylimido ligand.

Chapter 2
The living, regioselective cyclopolymerization of DEDPM is reported to give

polyenes that contain only six-membered rings in the polymer backbone by using well-
defined molybdenum imido bis(triphenylacetate) initiators. Complex 2b initiates the
cyclopolymerization of DEDPM yielding poly(DEDPM), with a polydispersity ranging
from 1.13 to 1.26. A linear dependence of the chain length on the amount of monomer
added is consistent with living polymerization. Molecular weights and polydispersities of
polymers prepared by usmg 1a are found to be higher than expected. An explanation is
offered by a large kp/k; value determined for the polymerization of DEDPM using 1a.
Polymerization in tﬁe presence of a base controls the rate of propagation and yields
polymers with generally lower molecular weights and narrower polydispersities. MALDI
TOF mass spectroscopy is introduced as an absolute method for the determination of
molecular weights of polyenes. The polymer endgroups in poly(DEDPM),, prepared using



2b are identified by MALDI TOF MS. 13C NMR revealed a regular structure of the
polymer in which the backbone contains only six-membered rings. The formation of six-
membered rings is ascribed to reaction of the first terminal triple bond with the syn

alkylidene to give solely a B substituted molybdacyclobutene intermediate (§ addition),

followed by ring opening to a terminal alkylidene and intramolecular B addition of the
second triple bond. Steric interactions between the crowded ligand sphere and DEDPM

render o addition untenable. The steric argument is further supported by partial loss of
selectivity upon polymerization of less substituted monomers. Treatment of
poly(DEDPM), with 2 equiv MOH (M = Na, K) provides regioregular, water soluble
polymers. A reduced average conjugation length of regioregular poly(DEDPM), compared
to poly(DEDPM), containing five- and six-membered rings in the polymer backbone is

evidenced by lower values for Apax in the UV/Vis and for ¥ in NLO measurements.

Chapter 3
Highly conjugated, completely soluble copolymers of DEDPM and acetylene were

synthesized using bis(carboxylate) initiators Mo(N-1-adamantyl)(CHCMe,Ph)(O,CCPhj3);
and Mo(NAr')(CHCMe3)(O,CCPh3), (Ar' = 2--Bu-CgHy). Computer controlled
acetylene addition permitted a high degree of control over the copolymer properties. The
amount of acetylene incorporated into the polymers was found to be in very good

agreement with the acetylene in the feed. 13C NMR proved to be a sensitive tool to study
the monomer sequence. The possible triads expected in a statistically random copolymer
could be distinguished and assigned by varying the ratio of acetylene to DEDPM.
Increasing this ratio leads to copolymers with an exceptional degree of conjugation as

judged by Apax values of up to 598 nm.

Chapter 4
The synthesis, characterization and polymerization behavior of zirconium

complexes that contain tridentate bridged bisamide ligands is described. Reaction of
Zr(NMej)4 with Hy[NSiN;] where [NSiN3]?- = [--BuNSiMesNCH,CHyNMe,]2-
provides [NSiN2]Zr(NMe;),, which can easily be converted to [NSiN;]ZrCl, by reaction
with excess TMSCI. Several dialkyl complexes can be prepared from [NSiN,]ZrCl; by

reaction with 2 equiv of the corresponding Grignard reagent, most notably the § hydrogen
containing [NSiN2]Zr(CH;CHMej);. An X-ray structural study of MgCl,-bridged,

dimeric {[NSiN3]Zr(CH,CHMe;)>,MgCl,}, proves the presence of B hydrogens, but also
reveals the susceptibility of the ligand towards electrophilic attack. (2,6-i-Pr;-
CeH3NHCH,CH3)20 (H2[ArN>O]) and (2,6-Me;-CgH3NHCH,CH3)7,0 (H[Ar'N,0])
can conveniently be prepared from (TsOCHCH3)20 and 2 equiv of the corresponding
lithium anilide derivative. The use of protecting groups is required for the synthesis of
unsubstituted (PhNHCH;CH»)20 (H2[PhN2O]). Reaction of (H[ArN;O]) and
(H2[Ar'N20]) with Zr(NMej)4 yields [ArN>O]Zr(NMej); and [Ar'N;O]Zr(NMes)s
respectively. Treatment with excess TMSCI results in the clean formation of
[ArN70]ZrCly and [Ar'N2O]ZrCly. [PhN201Zr(NMej)2(NHMej), obtained from the
reaction of Hy[PhN,0O] and Zr(NMej)4, reacts with TMSCI by loss of ligand. Alkylation
of [ArN20]ZrCl; with 2 equiv BrMgR provides [ArN;0)ZrR; (R = Me, CH;CHMe»).
All complexes containing the [ArN,O] ligand exhibit hindered rotation of the aryl group
around the N-Cjpso bond. Similarly [Ar'N;O]ZrMe; can be prepared by reaction of
[Ar'N2O])ZrCl; with 2 equiv of BrMgMe. Reaction of [Ar'N,0]ZrCl; with 2 equiv of
BrMgCH,CMej3 produces [Ar'NO]Zr(CH;CMe3)Cl, but with 2 equiv of LiCH;CMe3s the
desired bisalkyl complex [Ar'N,O]Zr(CH2CMe3);. An X-ray study of [Ar'N,O]ZrMe;
revealed a coordination environment reminiscent of CppZrMe5. The activation of dialkyl



complexes containing the [ArN701?- and [Ar'N»O]?- ligand using [PhNMe;H][B(C¢Fs)4]
was investigated by NMR. {[{ArN2O1ZrMe(PhNMe; }[B(CsF5)4] and
{[Ar'N2O]ZrMe(PhNMe; } [B(CgF5)4] form cleanly in chlorobenzene-ds solution.
[ArNoO]ZrMe, can be activated with [PhNMe,H][B(CgFs)4] and [Ph3C][B(CeF5)4] to
completely polymerize 200 equiv of 1-hexene in chlorobenzene at 0 °C. Low molecular
weights (M = 1000 - 2600 g/mol, PDI = 1.3 to 1.7) of the polymers and polymer carbon
NMR spectroscopy indicate loss of olefin by B hydride elimination. Analogous activation
of [Ar'N7O]ZrMe; and polymerization of 1-hexene produces polymers with higher Mys

(9000 - 11700 g/mol, PDI = 1.4 to 1.5), but only 65 to 70% conversion. A regioregular
structure was found for poly(1-hexene);, prepared using activated [Ar'N;O)ZrMe,.

Thesis Supervisor:  Dr. Richard R. Schrock
Title: Frederick G. Keyes Professor of Chemistry
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CHAPTER 1

Carboxylates as Ancillary Ligands for Molybdenum(VI)
Imido Alkylidene Complexes

Much of the material covered in this chapter has appeared in print:
Schattenmann F. S.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1996,
118, 3295.
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INTRODUCTION

Tungsten and molybdenum are among the most active metals for the metathesis of
ordinary olefins in classical metathesis catalyst systems.!'2 The development of well-
defined metathesis catalysts has culminated in the preparation of complexes of the general
type M(NR)(CHR')(OR"); (M = Mo or W).3-6 Such catalysts have been successfully
employed for the metathesis of ordinary olefins,78 the living ring-opening metathesis
polymerization (ROMP)79-13 of strained olefins and the synthesis of polyenes.!#1° In
ROMP control over the nature of the groups at both ends of the polymer has been
demonstrated. The initial alkylidene group is introduced to the originating end of the
polymer.!120.21 The termination reaction in these polymerizations is a Wittig-like capping
reaction with an aldehyde such as benzaldehyde.?*3 Molybdenum catalysts have emerged
as the catalysts of choice for most purposes because they tolerate a greater number of
functionalities, are easier to synthesize than the corresponding tungsten catalysts, and
molybdenum starting materials are less expensive.

Perhaps the most valuable asset of this class of catalysts is their versatility. Many
studies demonstrated control over activity,® cis/trans selectivity2%-24-26 and tacticity®2>-?’
in ROMP by steric and electronic "fine-tuning" of the ligand sphere. Effects of the
electronic and steric properties of the alkylidene, imido and alkoxide ligands on catalytic
activity and selectivity could be established. The steric and electronic nature of the
alkylidene ligand strongly affects the rate of initiation (k;). The ratio of the rate of
propagation to the rate of initiation (kp/k;) directly influences the polydispersity and degree
of polymerization of the resulting polymer.20-21:28:29 Ideally alkylidene ligands on the
initiator that closely resemble the propagating species yield polymers with narrow
polydispersities. The influence of steric and electronic variation of the imido ligand on the
polymerization behavior is less apparent. However in this and the following chapter
examples will be presented that show dramatic changes of reactivity upon variation of the

imido ligand. The alkoxide ligands have been extensively studied with regard to their effect

17



on catalyst reactivity3? as they are facilely introduced in the final step of the catalyst
synthesis. Complexes with a wide variety of alkoxide and phenoxide ligands have been
prepared.’ Activity of the catalysts can systematically be varied by altering the electron
withdrawing ability of the alkoxides.’® The pK, of the corresponding alcohol provides
some indication for the & donor ability of an alkoxide.

Despite the high level of control over polymerization behavior and polymer
properties by using such "tailored" catalysts, a wide variety of challenges regarding
selectivity still remain. One example is the living cyclopolymerization of heptadiynes such
as diethyldipropargylmalonate (DEDPM) using catalysts of the type Mo(CH-z-
Bu)(NAr)[OCMe(CF3),]; (Ar = 2,6-i-PryCgH3).!> The polymer backbone was found to
contain a mixture of five- and six-membered rings as a consequence of head to head and
head to tail polymerization.3! Extensive variation of the alkoxide-based catalysts did not
show satisfactory selectivity towards the exclusive formation of one ring size.3!

Aiming to address this particular regioselectivity issue, catalyst systems that contain
monoanionic ancillary ligands electronically and sterically very different from the
extensively studied alkoxides were considered. A possible choice is the carboxylate ligand.
Weaker ¢ donor ability indicated by lower pK, values of carboxylic acids compared to
alcohols, two possible bonding modes for monomeric complexes, n! and 12, and
enhanced bridging tendency of the bidentate carboxylato ligand are among the most
prominent differences. This chapter is concerned with the synthesis, characterization and

reactivity of molybdenum(VT) imido alkylidene complexes containing carboxylate ligands.

18



RESULTS AND DISCUSSION
Synthesis of Molybdenum(VI) Imido Alkylidene Bis(carboxylate)
Complexes.

In analogy to the synthesis of alkoxide complexes of the type
Mo(NR)(CHR")(OR")3, reaction of 2 equiv of a sodium carboxylate with an appropriate
molybdenum alkylidene bis(triflate) complex was employed as a general approach. Initial
focus was directed towards the preparation of molybdenum bis(carboxylate) complexes
containing the adamantylimido ligand since a noticeable preference towards the formation
of six-membered rings in the polymerization of DEDPM using Mo(N-1-
adamantyl)(CHCMe,Ph)[OCMe(CF3);]; had been reported.3! Carboxylates with different
electronic and steric properties were explored as possible ancillary ligands.

Preliminary studies involved benzoates, since a wide variety of sterically and
electronically different derivatives are commercially available. No pure product, however,
could be obtained by the reaction of Mo(N-1-adamantyl)(CHCMe,Ph)(OTf),(DME) with 2
equiv of KO,CPh. Sterically more demanding, substituted benzoates as Na(O,C-3,5-¢-
Bujy-CgH3) and Na(0,2C-2,6-Me,-CgH3) yielded white crystalline products in moderate
yield. In both cases NMR spectroscopy indicated the formation of 'ate-complexes',
Na[Mo(N-1-adamantyl)(CHCMe;Ph)(O,C-3,5-t-Buy-CgH3)3]*(THF)q 5 and Na[Mo(N-1-
adamantyl)(CHCMe,Ph)(0,C-2,6-Me,-CgH3)3], with one carboxylate ligand exhibiting
different resonances than the other two. These findings suggested that sterically
significantly more demanding carboxylate ligands were required to stabilize neutral
bis(carboxylate) complexes.

Addition of excess sodium triphenylacetate to Mo(N-1-
adamantyl)(CHCMe;Ph)(OTf)2(DME) produced pale yellow crystalline Mo(N-1-
adamantyl)(CHCMe,Ph)(O,CCPh3); (1a) in 72% isolated yield (eq 1). The proton and

carbon NMR spectra of 1a show that only one rotamer3?-33 is present which has an
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Ad Ad
N CMe,Ph N
TfOmn. N/ ©2 Mo CMeaPh )
g 0 + 2 PhCCO,Na —— Ph3CC02“y
Ti0” 4 ether b cCOY
DME la

Ad = N-1-adamantyl

alkylidene Hy, resonance at 13.89 ppm and an alkylidene Cq resonance at 305.5 ppm.
Other carboxylate complexes that have been prepared by similar methods are listed in Table
1.1, along with NMR data that suggest that all are analogous. The relatively small
alkylidene CHg, coupling constants (between 117 and 123 Hz) suggest that the alkylidene
ligand has the syn orientation. In solution the compounds exhibit a plane of symmetry as

only one set of resonances for the two carboxylate ligands is observed in the proton and

Table 1.1. NMR and Yield Data for Carboxylato Complexes, Mo(CHR')(NR)(O,CR")5.

R R’ R" 8 Hy 0 Cq (Jcn) yield (%)

1-adamantyl la CMe;,Ph CPh3 13.89 305.5 (117) 72
1-adamantyl 1b  CMes CPhjy 13.84 45
2-t-BuCgHy 2a CMe;Ph CPhj 13.92 309.4 (123) 55
2-t-BuCgHy 2b  CMes CPh3 13.76 313.4 60
2,6-i-Prp-C¢H3z 3 CMe;,Ph CPh3 13.91 308.9 (122) 88
2,6-i-Prp-C¢H3z 4 CMe,Ph CMePh; 13.96 308.5 (121) 64

carbon NMR. Compounds containing the 2,6-dimethylphenylimido ligand retained one

equivalent of loosely bound THF, but decomposed to form insoluble materials when the

THF was removed under vacuum in the solid state or when the THF adduct was dissolved
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in solvents such as toluene. The only complex isolated with the smaller
diphenylmethylacetate ligand utilizes the bulky 2,6-diisopropylphenylimido ligand. Mo(N-
2,6-i-Pry-CgH3)(CHCMe,Ph)(O2CCMePhj); (4) was obtained from the reaction of 2
equiv of PhyMeCO,Na with Mo(N-2,6-i-Pr-C¢H3)(CHCMe,Ph)(OTf)2(DME), addition
of 3 equiv of PhyMeCO;Na yields predominantly the 'ate-complex’. All attempts to isolate
bis(diphenylmethylacetate) complexes containing the adamantylimido or the 2-t-
butylphenylimido ligand failed.

Complexes with alkylidene ligands substantially smaller than the neopentylidene or
neophylidene ligand are not sufficiently stabilized by the triphenylacetate ligands. For
example, metathesis reactions of 1a with ethylene and styrene,’” which were expected to
generate smaller alkylidenes, ultimately led to decomposition. Synthesis of the benzylidene
biscarboxylate complex starting from Mo(NAr'),Cl;(DME) (Ar' = 2--Bu-CgHy) was
attempted as outlined in Scheme 1.1. Dibenzyl complex § and bis(triflate) complex 6 can
be obtained by standard methodology? in 53% and 37% yield, respectively. Reaction of 6
with sodium triphenylacetate did not lead to the expected Mo(NAr')(CHPh)(O,CCPh3);.

Ar
101 1, 3, S
B )
Mo(NAr),CL(OME) 222X+ Mo(NAr),(CH,Ph), 2 LOH TfOm. N0
THF DME TOY f
5 6

Ar = 2-+-Bu-CH, DME
r' //
_Q 2 Ph,CCO,Na
0—

Scheme 1.1. Attempted Synthesis of a Molybdenum Benzylidene Bis(triphenylacetate)
Complex.

L=Z-p

PhyCCO, "y
Ph,CCO}

21



Instead a highly crystalline compound was isolated that did not show an alkylidene
resonance in the proton NMR.

Neutral bis(carboxylate) complexes based on the (Me3Si)3SiCO; ligand can
similarly be prepared by reaction of bis(triflate) complexes with 2 equiv of
(Me3Si)3SiCO,Na. Although all three complexes formed cleanly by proton NMR, only
Mo(N-2,6-i-Pry-C¢H3)(CHCMe,Ph)(02CSi(SiMes3)3)2 (7) and Mo(N-2--Bu-
CeHy)(CHCMe,Ph)(0,CSi(SiMe3)3); (8) could be obtained as crystalline solids; Mo(N-1-
adamantyl)(CHCMe,Ph)(0,CSi(SiMe3)3), was isolated as an oil. This carboxylate,
although electronically and sterically distinctively different from triphenylacetate, is also
sterically very demanding demonstrating the importance of size of the carboxylato ligand

for the stabilization of such complexes.

X-ray Structural Studies.

An X-ray structural study of 2b (Figure 1.1, Figure 1.2, Table 1.2) showed it to be
a monomeric species. The steric bulk provided by the carboxylates is likely to prevent
bimolecular decomposition of 2b. The bulky carboxylate and imido ligands form a
"shield-like" arrangement with the alkylidene group protruding perpendicularly (sideview
in Figure 1.2). The alkylidene ligand is syn, as suspected on the basis of the magnitude of
JcHo. Neither the Mo-C(7) distance (1.884(9) A) nor the Mo-C(7)-C(9) angle (145.9(7)°)
is unusual (relevant bond lengths and angles are listed in Table 1.3). The imido ligand is
bent slightly (Mo-N(6)-C(12) = 164.5(6)°), and the plane of the phenyl ring is oriented
approximately perpendicular to the C(7)-Mo-N(6) plane. The carboxylate ligands are both
bound to the molybdenum in a bidentate (n2) fashion, although unsymmetrically; the longer
Mo-O bonds (2.261(5) and 2.336(6) A) are those that are in positions more transoid to the
imido or alkylidene ligand, respectively (N(6)-Mo-O(4) = 155.4(3)°; C(7)-Mo-0O(5) =
151.9(3)°). The other two Mo-O bonds are relatively short (2.136 and 2.090 A). The

distinctively unsymmetric 12 bonding mode in the solid state and a plane of symmetry in
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Table 1.2. Crystallographic Data, Collection Parameters, and Refinement Parameters for

Mo(NAr')(CHCMe3)(02CCPh3); (2b).2

Empirical Formula
Formula Weight

Crystal Color

Crystal Dimensions (mm)
Crystal System

< R ™ O o

Space Group
Z

Decalc

Fooo
Diffractometer
A(MoKy)
Scan Type
Temperature

Total No. Unique Reflections

No. Variables
R

Rw

GoF

Cs6.50H55.50C13NO4Mo?
1014.81

yellow
0.22x0.13x0.13
Triclinic
12.2272(11) A
14.2111(12) A
17.474(2) A
97.2310(10)°
110.2270(10)°
106.178(2)°
2651.8(4) A3
Pl

2

1.271 g/em3
1053

Siemens SMART/CCD
0.71073 A

® scans
188(2) K
5527

602

0.0728
0.1806

1.094

 The molecule contains a severely disordered, partial methylenechloride molecule in the

lattice.
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Figure 1.1. X-ray Crystal Structure of Mo(NAr")(CHCMe3)(0O2CCPhs3); (2b).
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Figure 1.2. X-ray Crystal Structure of Mo(NAr')(CHCMe3)(O,CCPh3); (2b), viewed

with the Mo-C(7) double bond approximately in the paper plane.
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Table 1.3. Selected Interatomic Distances (A) and Angles (deg) for the Non-Hydrogen
Atoms of Mo(NAr')(CHCMe3)(0O,CCPhz); (2b).

Bond Lengths

Mo-C(7) 1.884(9) Mo-O(4) 2.261(5)
Mo-0(2) 2.136(5) Mo-O(5) 2.336(6)
Mo-0(3) 2.090(6) Mo-N(6) 1.709(7)

Bond Angles

Mo-N(6)-C(12) 164.5(6) C(7)-Mo-0(3) 98.1(3)
Mo-C(7)-C(9) 145.9(7) C(7)-Mo-04) 89.8(3)
N(6)-Mo-C(7) 99.7(4) C(7)-Mo-0(5) 151.9(3)
N(6)-Mo-0O(2) 96.6(3) 0O(2)-Mo-0(3) 147.5(2)
N(6)-Mo-0O(3) 105.6(3) O(4)-Mo-0O(5) 77.9(2)
N(6)-Mo-0O(4) 155.4(3) 0O(2)-Mo-O(4) 59.2(2)
N(6)-Mo-O(5) 101.8(3) 0O(3)-Mo-0(5) 58.8(2)
C(7)-Mo-0(2) 101.2(3)
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Table 1.4. Crystallographic Data, Collection Parameters, and Refinement Parameters for

Mo(NAr)(CHCMe;Ph)(O2CMePhy); (4).

Empirical Formula

Formula Weight

Diffractometer

Crystal Color, Habit

Crystal Dimensions (mm)

Crystal System

No. Reflections Used for Unit Cell
Determination (20 range)

<R ™ 6 T

Space Group

Z

Dealc

Fooo

H(MoKq)

Scan Type

Temperature

Total No. Unique Reflections
No. Observations with I > 3.00c(I)
No. Variables

R

Ry

GoF

27

Cs52Hs5NO4Mo
853.95

Enraf-Nonius CAD-4
yellow, prismatic
0.300 x 0.280 x 0.280

Triclinic

19 (26.1 - 37.1°)
13.844(5) A
14.395(6) A
11.676(5) A

95.81(4)°
102.80(3)°
95.32(3)°
2241(2) A3
Pl (#2)

2

1.265 g/cm?
896

3.27 cm!
®-26
188 K
7900

5858

523

0.043
0.052
1.52



Figure 1.3. X-ray Crystal Structure of Mo(NAr)(CHCMe,Ph)(O,CMePh3); (4).
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Table 1.5. Selected Interatomic Distances (A) and Angles (deg) for the Non-Hydrogen
Atoms of Mo(NAr)(CHCMe;Ph)(O2CMePhy); (4).

Bond Lengths

Mo-C(9) 1.889(4) Mo-O(4) 2.401(3)
Mo-O(2) 2.254(3) Mo-O(5) 2.074(3)
Mo-0O(3) 2.111(3) Mo-N(6) 1.732(3)

Bond Angles

Mo-C(9)-C(16) 143.5(3) 0O(5)-Mo-C(9) 93.1(1)
Mo-N(6)-C(10) 175.8(3) O(4)-Mo-C(9) 149.0(1)
N(6)-Mo-C(9) 101.3(2) O(2)-Mo-N(6) 157.0(1)
0O(2)-Mo-0(3) 59.5(1) 0O(4)-Mo-N(6) 98.1(1)
0O(4)-Mo-0(5) 57.9(1)

solution suggest the accessibility of 1! binding. The electron count in 2b is 18 if the
carboxylato ligands are counted as bidentate ligands and &t electron donation from the imido
ligand is included. Bending of the imido ligand as well as N2 to ! conversion of the
carboxylato ligands may be important features of 2b as a catalyst.

Similar structural features were found in an X-ray structural study of complex 4
(Figure 1.3). (See Table 1.4 for crystallographic details and Table 1.5 for selected
intramolecular distances and angles.) As in 2b the alkylidene ligand is also syn consistent
with the C-Hg, coupling constant. The Mo-C(9) distance (1.896(3) A), the Mo-C(9)-C(16)
angle (143.5(3)°) and the Mo-N(6) distance (1.732(3) A) are in the expected range, the Mo-

N(6)-C(10) angle (175.8(3)°) is virtually linear in contrast to the slightly bent orientation
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found for 2b. The linear Mo-imido arrangement and the approximately perpendicular
orientation of the ary!l ring to the C(9)-Mo-N(6) plane provide comparable crowding by the
isopropyl substituents at both sides of the C(9)-Mo-N(6) plane. This structural feature may
be responsible for the significantly different reactivity of 4 in comparison to 2b as will be
discussed later in this chapter. Similar to the structure of 2b, both carboxylate ligands are
bound to molybdenum in a bidentate, but unsymmetrical fashion (Mo-O distances between
2.076 and 2.412 A) resulting in a distorted octahedral coordination environment around the

metal center.

Interconversion of Alkylidene Rotamers.

The interconversion of the two alkylidene rotational isomers, syn and anti, and their
reactivities have been studied in great detail for many alkylidene complexes.?43% In
particular complexes of the type M(NR)(CHR')(OR"), (M = Mo or W)3233 favor the syn
orientation; however up to 35% of the anti rotamer can be generated by low temperature
photolysis, which reverts to the thermodynamically generally favored syn rotamer. The
interconversion rates were found to strongly depend on the nature of the alkoxide ligand.

The observed dependence on the ancillary ligand motivated us to explore the effect
of carboxylates on the interconversion rates. Photolysis of 1a for 6 to 16 h at -85 °C at 366

nm produced up to 36% anti rotamer depending on the nature of the solvent (eq 2). The

Ad Ad
11{‘1,4 H Ky E CMeph
" —_— -
Ph,CCO, Yy °=<CM o < PhCCO,Vy °=<H
Ph,CCOJ €2 Ky/a Ph,CCO3
anti-1a syn-1a
Keq=ka/s/ks/a
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chemical shifts for He of the syn and anti rotamer are only 0.2 ppm apart. In the
tetrahedral bisalkoxide complexes the difference in chemical shift for the two rotamers is
typically approximately 1 ppm.33 The conversion of the anti to the syn rotamer was
followed by monitoring the decrease in the intensity of the He resonance for the anti
rotamer in dg-toluene. In contrast to the bis(alkoxide) systems the conversion of the anti to
the syn rotamer was found to be unmeasurable slow at lower temperatures. Even at room
temperature the half life still amounted to approximately 7 h. Since K¢ is relatively large
(Keq = 49), conversion of the anti to the syn rotamer could be assumed to be irreversible
and a rough estimate of ky/s (~ 3 x 10-3 s-1) was obtained by applying first-order kinetics.
The much decreased rate of rotamer rotation can be explained if the 112 bonding of
the carboxylato ligands is compared to the interactions between a coordinating solvent such
as THF and a sufficiently electrophilic metal center in Mo(NR)(CHR')(OR"); complexes.
; If evidence for binding of THF to the metal center was observed,3? the rotamer rotation
was inhibited to a significant degree. Dissociation of THF prior to alkylidene rotation was
proposed based on activation parameters. Direct analogy suggests n! bonding mode
during rotamer interconversion. These studies further manifest the different coordination

environment provided by the Ph3CCO; ligand compared to the alkoxide ligands.

Reactivity of Bis(carboxylate) Complexes.

As described in the introduction, intention for the development of this new class of
bis(carboxylate) alkylidene complexes was their potential use as catalysts for the
regioselective polymerization of heptadiynes such as diethyldipropargylmalonate
(DEDPM). Addition of DEDPM to 2b in toluene yields poly(DEDPM), with a
polydispersity that ranges from 1.13 to 1.26. Indeed all complexes of the type
Mo(NR)(CHR')Y(O2CCPhs3); with NR = N-1-adamantyl (1a and 1b) and N-2--Bu-CgHy
(2a and 2b) are potent catalysts for the polymerization of DEDPM. A detailed study of this

reaction and the properties of such polymers will be presented in Chapter 2. Surprisingly
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compounds containing the N-2,6-i-Pry-C¢H3 ligand (3 and 4) are impractically slow
initiators for the polymerization of DEDPM. Even after 24 h only approximately 50% of
the monomer had been consumed. This can best be explained on steric grounds since
electronically complexes 3 and 4 are expected to be similar to 2a and 2b. The first triple
bond of the monomer has to attack one of the two CNO faces. X-ray structural data
showed that in 2b one CNO face is blocked by the #-butyl group, while the other side is
accessible. In 4, however, both faces are blocked by the isopropyl substituents.

To substantiate this suggestion, the accessibility to the metal center was probed by
reaction of the bis(carboxylato) complexes with PMe3. 1a forms a white PMe3 adduct
quantitatively. Only one isomer can be detected in the proton NMR (3 13.28 ppm, Hg).
2a and 2b also form the corresponding PMej3 adduct (10a and 10b), but two isomers are
observed in solution (8 14.00 ppm and 13.30 ppm for 10a; 13.70 ppm and 13.13 ppm for
10b). Interestingly recrystallization of 10b from CH;Cly/ether gave yellow microcrystals
that initially exhibited only one isomer in the proton NMR (8 13.13); the other isomer
slowly grew in and remained the minor isomer after equilibrium had been reached within
approximately 2 h. In contrast 3 did not react with 1 equiv of PMe3 at all, the starting
material was recovered in good yield. Reaction of 4 (containing the smaller Ph,MeCO,
ligand) with 1 equiv of PMe3 led to an equilibrium between the PMes adduct and 4 in
solution. All PMe3 adducts do not polymerize DEDPM effectively.

A similar dependence on the imido ligand was found for the reactivity behavior
towards DEDPM using initiators 7 and 8 with bulky (Me3Si)3SiCO; ligands. 7 containing
the N-2,6-i-Pry-CgHj3 ligand did not initiate the polymerization of DEDPM while 8 proved
to be an active catalyst for the cyclopolymerization of DEDPM.

All bis(triphenylacetate) complexes are unsuccessful ROMP initiators. Typical
ROMP monomers such as 2,3-dicarbomethoxynorbornadiene, methyltetracyclododecene
(MTD) and even norbornene are not readily polymerized by 1a or 2b. Presumably a

disubstituted olefin, even one as reactive as norbornene cannot coordinate to the metal
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center for steric reasons. In addition, 1a does not react with ortho-((trimethylsilyl)-

phenyl)acetylene or even phenylacetylene itself.

CONCLUSIONS

A new family of molybdenum imido alkylidene initiators containing bulky
carboxylates such as triphenylacetate as ancillary ligands has been developed. The steric
bulk of such carboxylate ligands with respect to the smaller benzoate based ligands is
necessary to prevent the formation of 'ate-complexes' as well as bimolecular
decomposition. X-ray structural analysis shows an unsymmetric N2 bonding mode of the
carboxylate ligands. A higher coordination number around the metal center is further
evidenced by distinctive differences of syn/anti rotamer interconversion behavior in
comparison to the tetrahedral bis(alkoxide) complexes. Despite the formal electron count of
18, assuming a bidentate bonding mode of each carboxylato ligand and = electron donation
from the imido ligand, such compounds are potent initiators for the polymerization of
diethyldipropargylmalonate suggesting the accessibility of 1! bonding. Exceptions are
complexes containing the N-2,6-i-Prp-CgH3 ligand, where the isopropyl substituents
presumably block access to the metal center at both coordination positions. All complexes

are poor initiators for typical ROMP monomers.

EXPERIMENTAL

General details. All experiments were performed under a nitrogen atmosphere in a
Vacuum Atmospheres dry box or by standard Schlenk techniques under an argon
atmosphere unless specified otherwise. Celite and alumina were dried at ~130 °C for at
least a week. Pentane was washed with sulfuric/nitric acid (95/5 v/v), sodium bicarbonate

and water, stored over calcium chloride, and distilled from sodium benzophenone ketyl
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under nitrogen. Reagent grade diethyl ether, tetrahydrofuran, toluene, benzene and 1,2-
dimethoxyethane were distilled from sodium benzophenone ketyl under nitrogen. Reagent
grade dichloromethane was distilled from calcium hydride under nitrogen. Toluene used
for polymerizations was stored over 4A molecular sieves prior to use. Benzene-dg and
dichloromethane-d; were sparged with argon and stored over 4A molecular sieves.

NMR data were obtained either at 300 MHz (1H) and 75.43 MHz (13C) on a Varian
XL 300 NMR spectrometer or a Varian Unity 300 NMR spectrometer or at 500 MHz (1H)
and 125 MHz (13C) on a Varian 500 NMR spectrometer and are listed in parts per million
downfield from tetramethylsilane for proton and carbon. Spectra were obtained at room
temperature unless noted otherwise. X-ray data were collected on an Enraf-Nonius CAD-4
diffractometer or a Siemens platform goniometer with a CCD detector. Elemental analyses
(C, H, N) were performed on a Perkin-Elmer 2400 CHN analyzer in our laboratories

All chemicals used were reagent grade (Aldrich) and used without further
purification unless specified otherwise. Mo(N-1-adamantyl)(CHCMe,Ph)(OTf),(DME),>
Mo(N-1-adamantyl)(CHCMe3)(OTf)2(DME),’> Mo(N-2,6-i-Prj-
CgH3)(CHCMe,Ph)(OTf)2(DME),” Mo(N-2-t-Bu-CgH4)(CHCMe,Ph)(OTf),(DME),’
Mo(N-2-¢-Bu-C¢H4)(CHCMe3)(OTf)2(DME),> Mo(N-2-t-Bu-CgH4)2Clo(DME),?
(Me3Si)3SiCO,H,3 and diethyldipropargylmalonate*? were prepared as reported in the
literature.

General synthesis of Na or K carboxylates. A THF solution of the
carboxylic acid (1 equiv) was slowly treated with one equiv of metal hydride. In cases
where the metal carboxylate was soluble in THF, a slight excess of metal hydride was
added and after stirring overnight the solution was filtered through Celite and all volatiles
removed under vacuum. When the resulting metal carboxylate precipitated, a slight excess
of the acid was added and after stirring overnight, the product was collected on a frit and

dried under vacuum. Isolated yields were 90% or higher.
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Na[Mo(N-1-adamantyl)(CHCMe2Ph)(0,C-3,5-t-Bu;-
C6H2)31*(THF)g.5. A chilled (-30 °C) solution of 3,5-t-Bu3-C¢H3CO2Na (161 mg,
0.63 mmol) was added to a chilled (-30 °C) solution of Mo(N-1-
adamantyl)(CHCMe;Ph)(OTf)2(DME) (200 mg, 0.26 mmol). After stirring for 1.5 h, the
solvents were removed under vacuum and the yellow solid extracted with pentane. The
sodium triflate was removed by filtration through Celite, all volatiles were removed under
vacuum and the product was recrystallized from pentane yielding white crystals (103 mg,
36%): 'H NMR (CgDg) 8 14.97 (s, 1H, MoCHR), 8.42 (s, 2H, H,), 8.26 (s, 4H, Hy),
7.94 (d, 2H, H,), 7.60 (s, 1H, Hp), 7.49 (s, 2H, Hp), 7.47 (t, 2H, Hy), 7.21 (t, 1H,
Hp), 3.55 (t, 2H, OCHy), 1.86 (d, 6H, CHy), 2.03 (br, 12H, CH2 and CHC(CH3)2Ph),
1.74 (br, 3H, CH), 1.35 (m, 2H, OCH,CH3), 1.32 (s, 24H, CH; and CMe3), 1.12 (s,
36H, CMe3); 13C NMR (Cg¢Dg) 8 310.0 (MoCHR), 178.4, 175.6 (CO»), 153.2, 151.1,
150.9, 136.3, 134.6, 128.8, 128.7, 128.3, 126.23, 126.15, 125.1, 124.9 (Cqry, 73.0
(NC), 53.2 (CHCMe;Ph), 43.2 (CHy), 36.4 (CHj), 35.3, 35.2 (CMe3), 33.1 (CH),
32.0, 31.8 (CMe3), 29.9 (CHCMe,Ph).

Na[Mo(N-1-adamantyl)(CHCMe,Ph)(0,C-2,6-Mez-CgH3)3]. Solid
2,6-Me;-CgH3CO,Na (138 mg, 0.80 mmol) was added to a chilled (-30 °C) solution of
Mo(N-1-adamantyl)(CHCMe,Ph)(OTf)(DME) (200 mg, 0.26 mmol) in THF. Within
seconds a clear solution formed and after stirring for 45 min all volatiles were removed
under vacuum. The solid was extracted with pentane, the sodium triflate was filtered off
using Celite and all volatiles were removed under vacuum. Recrystallisation of the crude
product from pentane at -30 °C gave white crystals (124 mg, 56%): 1H NMR (CD,Cl;) &
13.98 (s, 1H, MoCHR), 7.35 (d, 2H, H,), 7.25-6.83 (m, 12H, Hary1), 2.23 (s, 12H, o-
CH3), 2.10 (s, 6H, 0-CH3), 1.97 (s, 9H, CH; and CH), 1.62 (s, 6H, CHC(CH3),Ph),
1.52 (s, 6H, CHp).

Mo(N-1-adamantyl)(CHCMe2Ph)(O2CPh3); (1a). Sodium

triphenylacetate (446 mg, 1.437 mmol) was added over a period of 10 minutes to a solution
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of Mo(N-1-adamantyl))(CHCMe,Ph)(OTf)2(DME) (500 mg, 0.635 mmol) in 20 mL of
chilled (-30 °C) THF. After stirring the mixture for 1 h, all solvents were removed under
vacuum and the yellow residue was extracted with a mixture of pentane and toluene (5/1
v/v) and the extract was filtered through Celite. The solvents were removed from the
filtrate under vacuum and the resulting yellow solid was recrystallized from ether by adding
pentane and cooling to -30 °C; white crystals with a yield of 450 mg in two crops (0.47
mmol, 72%) were obtained: 1H NMR (CgDg) 8 13.89 (s, 1H, MoCHR), 7.51-7.47 (m,
12H, Hary1), 7.27-7.24 (dd, 2H, Hary1), 7.13-7.00 (m, 21H, Hyryy), 1.86 (d, 6H, CHy),
1.71 (br, 3H, CH), 1.59 (s, 6H, CHC(CH3)7Ph), 1.29 (t, 6H, CHy); 13C NMR (CgD¢) &
305.5 (d, Jcyg = 116.5, MoCHR), 191.7 (CO3), 150.8 (Cjpso), 143.5 (Co), 141.4, 131.1
(Cm), 127.1 (Cp), 126.0, 75.4 (NC), 69.6 (CCO3), 51.8 (CHCMe;Ph), 43.5 (CHy),
35.8 (CHj), 31.6 (CH), 29.5 (CHCMe,Ph). Anal. Calcd. for MoCgoH357NOy4: C, 75.69;
H, 6.03; N, 1.47. Found: C, 75.92; H, 6.28; N, 1.35.
Mo(N-1-adamantyl)(CH-£-Bu)(02CPh3); (1b). To a chilled (-30 °C)
solution of Mo(N-1-adamantyl))(CHCMe3)(OTf)(DME) (300 mg, 0.426 mmol) in 15 mL
THF was added a chilled (-30 °C) solution of sodium triphenylacetate (292 mg, 0.94
mmol) in 15 mL THF over 2 min. After stirring for 25 min all volatiles were removed
under vacuum. The yellow solid was extracted with a mixture of pentane and toluene (4/1
v/v) and the solution was filtered through Celite. The solvents were removed under
vacuum and the resulting yellow solid was recrystallized from a small amount of ether to
yield pale yellow needles (172 mg, 0.194 mmol, 45%): 'H NMR (CgDg) & 13.84 (s, 1H,
MoCHR), 7.53-6.99 (m, 30H, Hary1), 2.00 (m, 6H, CHy), 1.75 (br, 3H, CH), 1.33 (m,
6H, CHjy), 1.21 (s, 9H, CHC(CH3)3). Anal. Calcd. for MoCssHs5sNQy: C, 74.23; H,
6.23; N, 1.57. Found: C, 73.85; H, 6.38; N, 1.44.
Mo(N-2-t-BuCgH4)(CHCMe2Ph)(0O2CPh3); (2a). Solid sodium
triphenylacetate (268 mg, 0.864 mmol) was added to a chilled (-30 °C) solution of Mo(N-
2-t-BuCgH4)(CHCMePh)(OTH)2(DME) (300 mg, 0.393 mmol) in 18 mL of diethyl ether.
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While warming up to room temperature the suspension was stirred for 45 min. After
removal of all volatiles under vacuum, the yellow solid was extracted with a mixture of
pentane and CH,Cl, (30/1; v/v). The sodium triflate was removed by filtration through
Celite and the solvents were removed under vacuum. Yellow crystals were isolated from
pentane at room temperature (225 mg, 0.236 mmol, 60 %): IH NMR (C¢Dg) & 13.92 (s,
1H, MoCHR), 7.73-6.74 (m, 39H, Hary1), 1.55 (s, 6H, CHCMe,Ph), 1.29 (s, 9H,
CMe3); 13C NMR (CgDg) 6 309.4 (d, Jcy = 123, MoCHR), 192.4 (CO»), 154.5, 150.0,
145.2, 143.1, 135.6, 131.2, 128.5, 128.0, 127.9, 127.2, 126.9, 126.4, 126.1, 126.0
(Cary1), 69.4 (CCO3), 56.7 (CHCMe;,Ph), 35.6 (CMe3), 31.1 (CHCMe;,Ph), 24.0
(CMe3). Anal. Calcd. for MoCgoHs5NO4: C, 75.86; H, 5.83; N, 1.47. Found: C, 75.89;
H, 5.68; N, 1.59.

Mo(N-2-t-BuCgH4)(CHCMe3)(02CPh3); (2b). To a chilled (-30 °C)
solution of Mo(N-2--BuCgH4)(CHCMe3)(OTf)2(DME) (400 mg, 0.570 mmol) in 20 mL
diethyl ether was added solid sodium triphenylacetate (389 mg, 1.25 mmol). After stirring
for 1 h all volatiles were removed under vacuum. The remaining yellow solid was
extracted with a mixture of pentane and toluene (1/1; v/v) and then with a small amount of
toluene. After filtering off the sodium triflate, the solvents were removed under vacuum
and the resulting yellow solid was recrystallized from CH;Cly/pentane to yield yellow
crystals (280 mg, 0.315 mmol, 55%). Crystals suitable for X-ray crystallography could be
obtained by recrystallization from a mixture of pentane and dichloromethane at -30 °C: 'H
NMR (CD;Cly) & 13.76 (s, 1H, MoCHR), 7.58 (m, 1H, Hary1), 7.35-7.17 (m, 33H,
Hary1), 1.33 (s, 9H, CMe3), 1.17 (s, 9H, MoCHC(CH3)3); 13C NMR (CD,Cly) 8 313.4
(MoCHR), 1919 (CO3y), 154.6, 145.6, 143.0, 135.6, 131.0, 128.5, 128.2, 127.5,
127.1, 126.4 (Caryl), 69.4 (CCO3), 50.9 (MoCHC(CH3)3), 36.0 (CMe3), 31.5
(MoCHC(CH3)3), 30.7 (CMe3). Anal. Calcd. for MoCs5H53NOg4: C, 74.40; H, 6.02; N,
1.58. Found: C, 74.67; H, 5.86; N, 1.36.
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Mo(N-2,6-i-PrCe¢H3)(CHCMe2Ph)(02CPh3); (3). A solution of sodium
triphenylacetate (862 mg, 2.78 mmol) in 15 mL of THF was added to a stirred solution of
Mo(NAr)(CHCMe;Ph)(OTf)2(DME) (1.00 g, 1.26 mmol) in 15 mL THF at -30 °C. After
20 min all volatiles were removed under vacuum and the yellow solid was extracted with a
mixture of pentane and CH,Cly (10/1 v/v). The mixture was filtered through Celite and the
filtrate was concentrated under vacuum. Yellow crystals were isolated (1.08 g, 1.104
mmol, 88%) upon cooling the filtrate to -30 °C: 'H NMR (CgDg) & 13.91 (s, 1H,
MoCHR), 7.49-6.89 (m, 38H, Hary1), 3.78 (sep, 2, CHMe3), 1.50 (s, 6H, CHCMe,Ph),
1.03 (d, 12H, CHMe»); 13C NMR (CgDg) & 308.9 (d, Jcy = 122.3, MoCHR), 192.5
(COy), 153.1, 150.4, 149.6, 143.5, 131.5, 129.1, 128.8, 128.4, 127.6, 126.7, 126.5,
123.6 (Cary1), 69.7 (CCO3), 56.8 (CHCMe,Ph), 31.2 (CHMej), 29.4 (CHCMe,Ph),
24.0 (CHMey).

Mo(N-2,6-i-PrC¢H3)(CHCMe2Ph)(0O2CMePh3); (4). Sodium
diphenylmethylacetate (552 mg, 2.22 mmol) was added to a stirred solution of
Mo(NAr)(CHCMe,Ph)(OTf)2(DME) (800 mg, 1.01 mmol) in 30 mL THF at -30 °C. After
20 min all volatiles were removed under vacuum and the yellow solid was extracted with
60 mL pentane. The sodium triflate was removed by filtration through Celite. The solution
was concentrated under vacuum and allowed to stand at room temperature to yield yellow
cubes (553 mg, 0.648 mmol, 64%). Crystals suitable for X-ray crystallography were
obtained by recrystallization from a mixture of pentane and dichloromethane at -30 °C: 1H
NMR (C¢Dg) & 13.96 (s, 1H, MoCHR), 7.49-6.90 (m, 28H, Hary1), 3.73 (sep, 2H,
CHMey), 2.04 (s, 6H, CH3CCO3), 1.51 (s, 6H, CHC(CH3);Ph), 1.05 (d, 12H,
CH(CH3)3); 13C NMR (CgDg) & 308.5 (d, Jcy = 120.6, MoCHR), 193.9 (CO»), 153.0,
150.5, 149.4, 145.3, 145.1, 129.3, 129.0, 128.8, 127.4, 126.6, 126.5, 123.5 (Cary1),
58.6 (CCO3), 56.6 (CHCMe;,Ph), 31.2 (CHMe?2), 29.5 (CHC(CH3);Ph), 27.0
(CH3CCOy), 23.9 (CHMe;).
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Mo(N-2-t-Bu-CgHy4)2(CH2Ph)3 (5), Solid benzylpotassium (2.08 g, 16.0
mmol) was added to a chilled (-30 °C) solution of Mo(N-2-#-Bu-CgH4)2,Cl2(DME) (4.0 g,
7.25 mmol) in THF (75 mL) over 2 min. The suspension was stirred for 7 h allowing the
suspension to warm to room temperature. After removal of all volatiles under vacuum,
followed by the addition of ether, the suspension was filtered through Celite and the filtrate
was concentrated. Crystallization at -30 °C afforded orange cubes (2.2 g, 53%): 1H NMR
(CD,Clp) & 7.22-6.90 (m, 18H, Hary1), 2.47 (s, 4H, CHp), 1.59 (s, 18H, CH3); 13C
NMR (CD,Clp) & 155.7, 141.5, 136.5, 132.4, 130.6, 1304, 126.9, 126.7, 125.9, 125.3
(Cary1), 48.2 (C(CH3)3), 36.1 (CHp), 30.5 (C(CH3)3). Anal. Caled. for MoC34H40N2:
C, 71.31; H, 7.04; N, 4.89. Found: C, 71.33; H, 6.68; N, 4.86.

Mo(N-2-t-Bu-CgHy4)(CHPh)(OTf)2(DME) (6), A chilled (-30 °C) solution
of triflic acid (1.433 g, 9.61 mmol) in DME (5 mL) was added to a chilled (-30 °C) solution
of 5 (1.835 g, 3.20 mmol) in DME (50 mL) over 5 min resulting in significant darkening
of the reaction mixture. After stirring at room temperature for 1.5 h, all volatiles were
removed under vacuum and the residue was extracted with toluene. After filtration through
Celite, the solvent was removed and the product recrystallized from ether at -30 °C to yield
greenish-yellow microcrystals (770 mg, 1.19 mmol, 37%): !H NMR (CgDg) & (major
isomer: 90%) 14.61 (s, 1H, Mo=CH), 8.39 (d, 1H, Hary1), 7.56 (d, 2H, Haryp), 7.05-
6.72 (m, 6H, Hary1), 3.83 (br, 3H, CH30), 3.20 (br, 2H, CH,0), 2.81 (br, SH, CH30
and CH,0), 1.34 (s, 9H, C(CH3)3); & 308.5 (MoCHR), 164.3, 153.8, 148.4, 147.1,
135.5, 131.4, 130.9, 130.1, 128.1, 126.9 (Cary1), 120.5 (CF3), 73.6, 70.7, 66.3, 62.3
(CH30 and CH;0), 36.3 (CMe3), 30.9 (CMe3).

Mo(N-2,6-i-Pr;-C¢H3)(CHCMe,2Ph)[0,CSi(SiMe3)3]2 (7). Solid
(Me3Si)3SiCO,Na (155 mg, 0.49 mmol) was added to a chilled solution (-30 °C) of Mo(N-
2,6-i-Prp-CgH3)(CHCMe,Ph)(OTf)2(DME) (190 mg, 0.24 mmol) in 4 mL THF. After
stirring for 40 min all volatiles were removed under vacuum and the yellow solid was

extracted with 3 mL pentane. The sodium triflate was removed by filtration through Celite.
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The solution was then concentrated under vacuum to approximately half the volume and
allowed to crystallize at room temperature yielding yellow crystals (170 mg, 0.17 mmol,
72%): 1H NMR (Cg¢Dg) & 13.82 (s, 1H, MoCHR), 7.36 (d, 1H, Haryp), 7.25 (t, 2H,
Hary1), 7.09 (t, 1H, Hary1), 6.99 (br, 3H, Hary1), 3.98 (sep, 2H, CHMey), 1.61 (s, 6H,
CHC(CH3),Ph), 1.30 (d, 12H, CH(CH3)3), 0.39 (s, 54H, SiCH3); 13C NMR (Cg¢Ds) &
304.0 (MoCHR), 211.4 (COjy), 153.3, 151.5, 149.2, 128.9, 128.7, 126.8, 126.4, 123.6
(Cary1), 56.7 (CHCMe,Ph), 31.9 (CHMey), 29.0 (CHCMe,Ph), 24.6 (CHMe)), 1.7
(SiCH3). Anal. Calcd. for MoCy4pHg304Sig: C, 51.12; H, 8.48; N, 1.42. Found: C,
50.98; H, 8.69 N, 1.32.

Mo(N-2-t-Bu-CgH4)(CHCMePh)[O2CSi(SiMe3)3]2 (8), Solid
(Me3Si)3SiCO;Na (69 mg, 0.22 mmol) was added to a chilled (-30 °C) solution of Mo(N-
2--Bu-CgH4)(CHCMe,Ph)(OTf)2(DME) (80 mg, 0.105 mmol) in 4 mL THF. After
stirring for 40 min all volatiles were removed under vacuum and the yellow solid was
extracted with 3 mL pentane. The sodium triflate was removed by filtration through Celite.
The solution was concentrated under vacuum to approximately half its original volume and
allowed to crystallize at room temperature yielding yellow crystals (85 mg, 0.087 mmol,
83%): 'H NMR (Cg¢D¢) 8 13.78 (s, 1H, MoCHR), 8.00 (d, 1H, Hary1), 7.37 (d, 2H,
Hary1), 7.26 (t, 2H, Hary1), 7.12-6.99 (m, 3H, Hary1), 6.86 (t, 1H, Haryp), 1.70 (s, 6H,
CHC(CH3);Ph), 1.51 (s, 9H, C(CH3)3), 0.39 (s, 54H, SiCH3).

Mo(N-1-adamantyl)(CHCMe2Ph)[02C(CgH5)3]2(PMe3) (9). Neat
PMes (12 pL, 0.116 mmol) was added to a chilled (-30 °C) solution of 1a (100 mg, 0.105
mmol) in toluene. After 2 h stirring at room temperature all volatiles were removed under
vacuum and the remaining solid was washed with cold pentane to yield white microcrystals
in quantitative yield: 1H NMR (CgDg) & 13.28 (d, 1H, MoCHR), 7.75-6.96 (m, 35H,
HaryD), 2.20 (s, 3H, C(CH3)MePh), 1.97 (d, 6H, CHy), 1.78 (br, 3H, CH), 1.49 (s, 3H,
CMe(CH3)Ph), 1.35 (br, 6H, CH>), 0.39 (d, 9H, PCH3).
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' Mo(N-2-t-Bu-CgH4)(CHCMe2Ph)[0O2C(CgH5)3]2(PMe3) (10a). Neat
PMe3 (12 uL, 0.116 mmol) was added to a chilled (-30 °C) solution of 2a (100 mg, 0.105
mmol) in CH;Cl, (5 mL). After 4 h of stirring at room temperature all volatiles were
removed under vacuum. The remaining solid was found to be clean by 1H NMR. There
are two isomers in solution: !H NMR (CgDg) 6 14.00, 13.30 (d, 1H, MoCHR), 8.23-
6.62 (m, 39H, Hary), 2.07, 1.70 (s, 6H, C(CH3)2Ph), 1.59, 1.39 (s, 9H, C(CH3)3),
0.38, 0.35 (d, 9H, PCH3).

Mo(N-2-t-Bu-CgH4)(CHCMe3)[02C(CeHs5)3]2(PMe3) (10b). Neat
PMe3 (19 puL, 0.116 mmol) was added to a chilled (-30 °C) solution of 2b (147 mg, 0.165
mmol) in CH,Cl, (5 mL). After standing at room temperature for 2 h, all volatiles were
removed under vacuum. Yellow microcrystals were obtained by recrystallization from
CH,Cly/ether at -30 °C (85 mg, 53%). 'H NMR of a freshly prepared solution showed
only one isomer. A second isomer slowly grew in and remained the minor isomer after
equilibrium had been reached after approximately 2 h (major/minor isomer = 60%/40%):
IH NMR (C¢D¢) & (major isomer) 13.13 (d, 1H, Jgp = 4.9, MoCHR), 7.92 (dd, 1H,
Ho), 7.62-7.57 (m, 12H, Ho), 7.16 (dd, 1H, Hp), 7.08-6.98 (m, 18H, Hy and Hy),
6.91, 6.84 (dt, 2H, Hy, and Hp) 1.38 (s, 6H, MoCHC(CH3)3), 1.27 (s, 9H, C(CH3)3),
0.63 (d, 9H, PCH3); (minor isomer) 13.70 (d, 1H, Jyp = 6.6, MoCHR), 8.26 (dd, 1H,
Ho), 7.66-7.54 (m, 12H, H,), 7.09-6.98 (m, 19H, Hy, and Hy), 6.77, 6.73 (dt, 2H, Hp,
and Hp), 1.58 (s, 6H, MoCHC(CH3)3), 1.32 (s, 9H, C(CH3)3), 0.59 (d, 9H, PCH3);
13C NMR (CgD¢) 8 (major isomer, partially assigned) 314.9 (d, Jcp = 19.5, MoCHR),
146.0 (Cipso), 132.2, 127.9 (C, and Cp), 126.7 (Cp), 69.8 (CCO3), 49.7
(MoCHC(CH3)3), 36.3 (C(CH3)3), 32.7 (MoCHC(CH3)3), 31.6 (C(CH3)3), 16.2
(PMes).

General procedure for the generation of anti rotamers by photolysis.
Photolysis was performed on solutions of the initiator in sealed high resolution NMR tubes

(535-PP). NMR tubes with a lower grade quality of glass gave smaller percentages of the
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anti isomer. Concentrations were usually about 0.1 M. The apparatus employed for
photolysis consisted of the NMR sample tube supported in a quartz dewar containing
hexane as coolant and a cold finger of a low temperature refrigeration unit with temperature
control thermocouple. The dewar was further supported and insolated in a borosilicate
glass jar. Originally the temperature employed was -85 °C, however for initiators with a
slow back reaction (kgy/s), photolysis was performed at room temperature employing water
or hexane as coolant. Photolysis times were usually 8 to 12 h at -85 °C and 2 to 6 h at
room temperature. The lamp used was a medium-pressure mercury vapor lamp that is
supported in a box with a small rectangular opening at one end. In front of the opening a
filter only allowing light with a wavelength of 366 nm to transmit, was attached .

Polymerization of DEDPM. A representative polymerization is described in
the experimental section of Chapter 2.

ROMP of norbornene, 2,3-dicarbomethoxynorbornadiene and MTD.
A procedure similar to the polymerization of DEDPM was employed as described in
Chapter 2. A solution of the monomer (0.63 mmol) was added in one shot to a solution of
la (6 mg, 6.3 pmol) in 5 mL toluene. After stirring for 5 h, benzaldehyde was added.
The reaction mixture was stirred for additional 3 h, passed through alumina and all volatiles

were removed under vacuum.
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CHAPTER 2

Regioselective Cyclopolymerization Using Molybdenum(VI)

Imido Alkylidene Bis(carboxylate) Complexes

Much of the material covered in this chapter has appeared in print:
Schattenmann F. S.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1996,
118, 3295.
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INTRODUCTION

Soluble, conjugated organic polymers have potentially useful optical and electronic
properties.*1*> Polyacetylene is the most fundamental of such polymers and its properties
have been the subject of an enormous amount of theoretical and experimental studies. It
exhibits high electrical conductivity when doped,*® especially when oriented*’ and
possesses a high third-order hyperpolarizability (y).43:4° The correlation of these
properties to chain length or average conjugation length, however, is extremely difficult
since polyacetylene is an insoluble and intractable material. Substituted polyacetylene
derivatives, although often soluble, usually suffer from a strongly diminished degree of
conjugation. A comprehensive review of the synthesis and properties of acetylenic
polymers has appeared recently.”® Therefore soluble polyacetylene derivatives with a high
degree of conjugation have been of great interest. The cyclopolymerization of dipropargyl
compounds is one approach to such polymers. Previous preparations of substituted
polyacetylenes by cyclopolymerization methods employed Ziegler-Natta type catalysts,>!-3
Pd(II) catalysts®*7 and classical metathesis catalytic systems8-%9 as 1:1 mixtures of
MoCls and tetraalkyltin compounds and proceed by unknown mechanisms. A wide variety
of diynes were polymerized, however, insoluble materials were obtained in most cases;
typically alkyl and ester substituted monomers provide polymers with the highest
solubilities.

An important ultimate goal is to prepare polymers with a narrow molecular weight
distribution, known chain length and endgroup identity, and a regular structure, to correlate
these attributes with an NLO property such as v, and to use this information to prepare
polymers with optimal properties of some specific type. As mentioned in Chapter 1, Fox
and Schrock recently reported that 1,6-heptadiynes such as diethyldipropargylmalonate
(DEDPM) could be cyclopolymerized in a living manner by initiators of the type Mo(CH-#-
Bu)(NAr)[OCMe(CF3)2]2 (Ar = 2,6-i-PryCeH3).1531 However, the polyene backbone

was found to contain a mixture of five- and six-membered rings as a consequence of the
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first terminal triple bond adding to an alkylidene to give either an o-substituted or a -
substituted metallacyclobutene intermediate (o or B addition, respectively; eq 1). The
research efforts in this chapter were targeted towards the development of catalytic systems
to yield polymers with a regular structure that contain only one ring size in the polymer

backbone.

EtO,C CO,Et

~

~
-~
~

head to tail

Et0,C CO,Et "
F (from P addition)

Mo cat
1
Il in DME (1)
tail to tail =
(from o addition) R
Et0,C
E{O,C

A new family of molybdenum(VI) alkylidene catalysts containing bulky carboxylate
ligands was introduced in the previous chapter. Complexes of the type
Mo(NR)(CHR'")(O2CCPh3),,70 where NR = N-1-adamantyl (1a and 1b) and N-2-z-Bu-
CeHy (2a and 2b), were identified as catalysts for the polymerization of DEDPM. The
living, regioselective polymerization of DEDPM and related monomers using such initiators
is the subject of this chapter. Carbon NMR analysis of the polymers exhibited a regular
structure with only six-membered rings in the polymer backbone. Differences in the
properties of these polymers compared to those containing a mixture of five- and six-
membered rings in the polymer backbone are addressed as well as limitations in the choice

of catalyst and monomer.
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RESULTS AND DISCUSSION
Living Cyclopolymerization of DEDPM.

The bulk polymerization of DEDPM was investigated using well-defined alkylidene
initiators containing the triphenylacetate ligand. A series of homopolymers of DEDPM was
prepared using initiator 1la in toluene. The polymerizations were terminated with
benzaldehyde. Molecular weights of the polymers wére determined by GPC on-line light

scattering in THF. The results are summarized in Table 2.1. The polymers are soluble in

Table 2.1. GPC and Yield Data for Poly(DEDPM), Using 1a as Initiator in Toluene.

sample Mp(theory)  Mj(g/mol)2 M (g/mol)@ M,/My2 vyield (%)
poly(DEDPM); 931 16360 19750 1.21b 85
poly(DEDPM)s 1404 14030 18320 1.31b 97
poly(DEDPM); 1876 19370 28430 1.47 92
poly(DEDPM)q 2349 18450 30080 1.63 d
poly(DEDPM); 2821 21010 35870 1.71 74
poly(DEDPM) 4 2530 24630 41730 1.69 d
poly(DEDPM)»0 4948 43060 69970 1.63 91
poly(DEDPM)3, 7311 65070 98340 1.51 90
poly(DEDPM)45 10856 58000 121100 2.09¢ 92
poly(DEDPM)¢s 15582 103900 168200 1.62 91
poly(DEDPM)gg 21489 109600 190700 1.74 82
poly(DEDPM);25 29760 122700 221100 1.80 ° 75
poly(DEDPM)>0 47482 140500 247900 1.77 68

a Determined by GPC on-line light scattering (Wyatt Technology). b Some high molecular
weight; not included in peak analysis. ¢ High molecular weight shoulder was included in
molecular weight determination. 4 Not available.
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most organic solvents (THF, benzene, toluene, CH;Cl,, CHCl3, DME, MeCN), but
insoluble in pentane and diethyl ether. Yields between 85% and 97% were obtained except
for the polymers with the highest molecular weights (75% and 68%).

The molecular weights of the polymers, determined by GPC on-line light scattering
were found to be higher than expected, in particular for the polymers with shorter chain
lengths (up to 17 times the expected molecular weight). Also the molecular weight
distributions are considerably broader than typical for a living system. A plot of the
number molecular weight (My) as a function of the number of equivalents DEDPM
employed in the polymerization shows a significant deviation from linearity, further

supporting the argument that this system can not be considered strictly living (Figure 2.1).

——y =23582 + 721.33x R=0.92832
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Equivalents of monomer

Figure 2.1. Number Average Molecular Weight (M) of Poly(DEDPM),, versus Number
of Equivalents of Monomer Added to Initiator 1a in Toluene.
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The fact that the molecular weights are especially high for lower molecular weight

polymers suggests a significant kp/k; problem. The large value found for the ratio of the

rate of propagation to the rate of initiation?% (kp/kij = 207) for the reaction of 1a with

DEDPM confirms this presumption. 1b containing the smaller neopentylidene ligand

yielded poly(DEDPM), with slightly narrower polydispersity (1.50) and smaller molecular

weight (M, = 26500) than poly(DEDPM), prepared using 1a, consistent with an enhanced

rate of initiation for the initiator with the smaller alkylidene ligand (compare also entries 1

and 6 in Table 2.4).

Table 2.2. GPC, Visible, and Yield Data for Poly(DEDPM), Prepared Using 2b in

Toluene.

Sample My (theory) M2 Mw/M;2 Amax (nm)P  yield (%)
poly(DEDPM)s 1403 6847 1.18 470 96
poly(DEDPM)g 2112 7105 1.22 488 90
poly(DEDPM)1 2821 9452 1.26 494 97
poly(DEDPM); s 3766 11500 1.26 502 97
poly(DEDPM)yg 4947 13590 1.26 500 91
poly(DEDPM)4g 9673 40280 1.13 518 92
poly(DEDPM)¢g 14398 45690 1.13 526 91
poly(DEDPM)g 19124 72440 1.15 530 89
poly(DEDPM);20 28574 99470 1.15 534 92

a Determined by GPC on-line viscometry versus a polystyrene universal calibration curve
(Viscotek). b In CH,Cly.
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Bis(carboxylate) initiators containing the N-2-#-Bu-CgH4 ligand are better behaved
catalysts for the polymerization of DEDPM than those containing the adamantylimido
ligand. Initiator 2a reacted with 20 equiv of DEDPM to give a polymer with smaller My,
(14900) and narrower PDI (1.30) than polymers prepared by using 1a. The narrowest
polydispersities were achieved employing initiator 2b (My/M; = 1.17; My = 14900; see
also Table 2.4, entries 13 and 18). A series of homopolymers of DEDPM was prepared

using 2b as catalyst in toluene. GPC, visible and yield data can be found in Table 2.2.

—y =566.37 + 839.21x R= 0.9937
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Figure 2.2. Number Average Molecular Weight (M) of Poly(DEDPM), versus Number
of Equivalents of Monomer Added to Initiator 2b in Toluene.

The plot of Mj, as a function of the number of equivalents employed in the polymerization
(Figure 2.2) shows good linear dependence in contrast to the data obtained for initiator 1a
(Figure 2.1). The results are consistent with living behavior of the polymerization,

although the M;, determined by GPC (on-line viscometry versus a polystyrene universal
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calibration curve) were found to deviate from the expected molecular weights (Mca1c) by a
factor of 3 to 4 (Table 2.2). The GPC on-line light scattering setup could not be used due
to a permanent change of solvent from THF to methylenechloride. The solvatochromic
shift for poly(DEDPM); in CH,Cl; versus THF was sufficient to render the molecular
weight analysis impossible due to absorption of the polymers at the detector wave length.

A comparably small kp/k; value?® of 12 was determined for the reaction of 2b with
DEDPM. A second series of polymers was prepared using 2b yielding essentially identical
GPC results.

Table 2.3. UV/Vis2 Data for Poly(DEDPM), using 1a as Initiator in Toluene.

polymer Amax (nm) €max M-lem-1)b
poly(DEDPM)3 506 (480) 3886
poly(DEDPM)s 508 (488) 4397
poly(DEDPM); 512 (492) 4899
poly(DEDPM)g 516 (497) 5387
poly(DEDPM);; 516 (493) 4742
poly(DEDPM) 4 516 (500) 3871
poly(DEDPM);o 522 (498) 5660
poly(DEDPM)s3g 522 (506) 5786
poly(DEDPM)4s 526 (497) 5930
poly(DEDPM)gs 528 (507) 5802
poly(DEDPM)gg 528 (510) 6046
poly(DEDPM) 25 530 (511) 6143
poly(DEDPM)y00 534 (510) 5968

a In CH,Cly and THF (in parenthesis). b Per conjugated double bond based on GPC data

(see Table 2.1).



UV/Vis spectra reveal that the optical absorption maximum (Apax) increases with
increasing chain length (Table 2.2). Surprisingly however, these Amax values are lower by
20-30 nm for a given apparent chain length than those for the previously reported
cyclopolymers that contain both five- and six-membered rings in the polymer
backbone.!33! A similar situation was found for polymers prepared by using initiator 1a.
Although much longer chain lengths were determined in this case, the values for Apax do
not exceed 534 nm (Table 2.3), consistent with a lower average degree of conjugation in

these polymers.

Polymerizations in the Presence of a Base.
The influence of bases in the synthesis of polyenes involving alkylidene initiators
has been demonstrated before.!®17 In particular in systems with a large kp/k; ratio

polymerization in the presence of a base often leads to improved polymerization behavior.

R

R
l _}( +B N~
(Ph3CC02)2 Mo=— Ph (Ph3CC02)2 B{IO— Ph KBi
B

5l lml

|
(Ph3CCO2)2 Mo=

x |
v *ﬁ ]i

Scheme 2.1. Base-on and Base-off Equilibria for Initiator (Kgj) and Propagating
Species (Kpp).
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Table 2.4. GPC Data for Poly(DEDPM);( Using 1a, 1b, 2a and 2b as Initiators in

Toluene in the Presence of a Base.

entry initiator base M2 M,,2 M,/M,2
1 la - 35160 50360 1.43
2 la PMe,Ph 14520 17740 1.22
3 la pyridine 31140 40320 1.30
4 la 2-picoline 33440 45460 1.36
5 la 3,5-lutidine 28220 35410 1.25
6 1b - 20510 27300 1.33
7 1b PMe,Ph 22330 23770 1.07b
8 1b pyridine 17470 20460 1.17
9 1b 3,5-lutidine 15830 18500 1.17

10 1b 2 equiv 3,5-lutidine 16770 20080 1.20
11 1b 4 equiv 3,5-lutidine 15770 18370 1.16
12 1b 10 equiv 3,5-lutidine 14420 17310 1.20
13 2a - 25490 32380 1.27
14 2a PMe,Ph 19540 24940 1.28
15 2a PMePh; 32670 39900 1.22
16 2a pyridine 26230 31360 1.20
17 2a 3,5-lutidine 22960 27620 1.20
18 2b - 14940 17530 1.17
19 2b PMe;,Ph 16220 21030 1.30
20 2b pyridine 15580 18490 1.19
21 2b 3,5-1utidine 17060 20300 1.19

2 Determined by GPC on-line viscometry versus a polystyrene universal calibration curve
(Viscotek). b Isolated yield was 18 %.
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The most straightforward explanation for such improvement of polymerization behavior is
that the base interacts stronger with the less crowded propagating species.!® As a result the
rate of propagation is decreased to a larger extent than the rate of initiation. A schematic
representation is pictured in Scheme 2.1. The choice of base is crucial since a too strong
interaction leads to an impractically slow polymerization system.

A series of polymers was prepared by using initiators 1a, 1b, 2a and 2b and a
variety of bases. One equiv of the respective base was added to the initiator solution before
addition of 20 equiv of DEDPM. The dependence on the base concentration was
determined by variation of the amount of base added. The GPC data (viscometry versus a
polystyrene calibration curve) are summarized in Table 2.4. Isolated yields ranged from 85
to 95% with the exception of entry 8 (18%).

Compared to the base-free polymerizations, considerably smaller molecular weights
and narrower polydispersities of the polymers were observed with most of the bases in
polymerizations employing 1a, 1b and to a lesser extent 2a. However no improvement
could be obtained in polymerizations involving initiator 2b. 2-picoline did not show any
detectable influence on the polymerization using 1a, as did PMePh; on the polymerization
using 2a. Both bases simply cannot access the metal center sufficiently. The influence of
PMe,Ph on the polymerization behavior varies with the nature of the initiator. Overall the
best results were achieved with pyridine and 3,5-Iutidine. Especially with initiator 1b
polymers were obtained with polydispersities and molecular weights that match the values
of polymers prepared by using 2b. Both bases exhibit very similar behavior in the
regulation of molecular weights and polymer distributions. The enhanced electron donating
ability of 3,5-lutidine compared to pyridine is presumably counterbalanced by increased
steric interaction with the ligand sphere. No significant differences in the molecular
weights and polydispersities could be observed upon variation of the base concentration

within the experimental error.
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Molecular Weight Determination by MALDI TOF MS.

The living nature of the cyclopolymerization of DEDPM using initiator 2b was
established earlier in this chapter. The number average molecular weights (My,) determined
by GPC on-line viscometry versus a polystyrene calibration curve were found to be 3 to 4
times higher than expected contradictory to the evidence for living polymerization behavior.
The almost constant factor between the determined and the expected molecular weights
suggested a possible systematic error in the molecular weight determination. Matrix-
Assisted Laser Desorption Ionization (MALDI) time-of-flight (TOF) mass spectrometry, a
technique developed in the late 1980s and used for the molecular weight determination of
biological macromolecules, has only recently been employed for the characterization of
synthetic polymers.”!73 Soft ionization allows the detection of individual mass signals for
the different chains within a polymer distribution without fragmentation. Ideally molecular
weights and polymer distributions can be determined from a spectrum.

MALDI TOF mass spectra were obtained from all samples in Table 2.2. The
spectrum of sample poly(DEDPM)s is shown in Figure 2.3. The mass difference between
the individual signals is 236 representing the molecular mass of a single monomer unit.
We conclude that only single ionization had occurred which could not automatically be
assumed considering the high degree of conjugation in the polymer backbone. M;, M,,
and PDI of the polymers up to poly(DEDPM);( were determined using the corresponding
formulas (eq 2) and a spread sheet program (Table 2.5). The peak height instead of the
peak area was used as a an approximate measure for n;. The peak widths of the most
significant peaks are almost identical keeping the error presumably reasonably small.
MALDI TOF MS spectra of the higher molecular weight polymers (poly(DEDPM)4q and
up) exhibited lower signal to noise ratios and a reliable determination of molecular weights

and polydispersities was impossible.

SaM, SnM2 M
M= —/—/— M, = T PDI = =
" zni v ZHiMi Mn (2)
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Figure 2.3. MALDI TOF Mass Spectrum of Poly(DEDPM)s.




The molecular weights determined from the MALDI mass spectra were found to be
higher than expected in particular for shorter chain length polymers, however much closer
to the expected values compared to the GPC data further supporting the living nature of the
polymerization. Also slightly smaller polydispersities were calculated from the MALDI
mass spectra in comparison to the GPC data. The discrepancy between the expected
molecular weights and the number average molecular weights determined by MALDI
diminishes towards higher molecular weights consistent with any polymerization with a
kp/k; value larger than 1. A relatively constant factor (FGpc/MaALDI = 2.4; average value
from Table 2.5) between the molecular weights determined by GPC and the ones
determined by MALDI MS was established. This fact can best be explained by a different
solution behavior of these presumably more rigid polymers and the polystyrene standards

in the relative molecular weight determination by GPC.

Table 2.5. GPC and MALDI TOF MS Data for Poly(DEDPM),, Prepared Using 2b in

Toluene.

GPC MALDI

Sample  Mg(theory) M2  My/Mg2  MP  My/Mp® Fgpomarpr

poly(DEDPM)s 1342 6850 1.18 2810 1.09 2.4
poly(DEDPM)g 2050 7110 1.22 3270 1.11 2.2
poly(DEDPM);;1 2759 9450 1.26 3730 1.14 2.5
poly(DEDPM);5 3704 11500 1.26 4960 1.13 2.3
poly(DEDPM)yp 4886 13590 1.26 5470 1.15 2.5

a Determined by GPC on-line viscometry versus a polystyrene universal calibration curve
(Viscotek). b Determined by MALDI TOF mass spectroscopy. ¢ FGpc/MALDI =
Mn(GpPCYMn(MALDD)-
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MALDI TOF mass spectra also provide proof about the identity of the polymer
endgroups. Each signal corresponds to a polymer with a certain chain length and
represents therefore the sum of the masses of a particular number of repeating units and
both endgroups. In this case the endgroups are the neopentylidene ligand from initiator 2b
and the benzylidene group from the termination reaction with benzaldehyde. A polymer
with seven repeating units serves as an example. Adding the masses of the endgroups and
of seven DEDPM molecules gives Mp(calc) = 1814.2. A signal at 1814.7 can be found in
the MALDI spectrum in Figure 2.3.

The optical data can now be correlated to the real molecular weights. Amax of each
polymer is inversely proportional to the number of double bonds in the polymer (Figure

2.4), as reported for the unsubstituted polyene series.!4

——y =2.3148 +7.1192x R=0.98019

Apax (€V)

0.04 0.05

1/N

Figure 2.4. Dependence of Apax in CH2Cl, on the Reciprocal of the Number of Double

Bonds (N; Based on My, Determined by MALDI TOF MS) in Poly(DEDPM),, Prepared
Using Initiator 2b.
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Regular Polymer Structure.

The polymers of DEDPM obtained by using the alkylidene bis(triphenylacetate)
initiators 1a, 1b, 2a and 2b exhibit physical properties similar to those prepared using
bis(alkoxide) initiators with one significant exception, the average degree of conjugation.
Only structural differences can sufficiently explain this fact. The structure of these
polymers can be determined by !13C NMR, since the carbonyl carbon and the quaternary
carbon are especially sensitive to the ring size. In Figure 2.5a the carbon NMR of the
quaternary carbon in the polymers containing a mixture of five- and six-membered rings is
shown.3! Carbon resonances for the quaternary carbon at 57-58 ppm are characteristic of
five-membered rings, while resonances at 54 ppm are characteristic of six-membered rings.
The large number of resonances is due to the fact that the chemical shift of the resonance is
not only sensitive to the ringsize but also depends on the immediate neighbors (e.g. a five-
membered ring between a five- and a six-membered ring). In Figure 2.5b the same region
in the 13C NMR spectrum for poly(DEDPM), is shown prepared using initiator 1a. No
resonances in the 57-58 ppm region indicative of five-membered rings are observed. In the
region characteristic of six-membered rings only one major peak at 54.5 ppm is found as
expected for a six-membered ring with only six-membered rings as neighbors.

Two resonances in the 13C NMR were reported for the carbonyl carbon in
poly(DEDPM), containing five- and six-membered rings.3! A signal at 172.0 ppm is
typical for a five-membered ring, at 170.8 ppm for a six-membered ring (see Figure
2.6a).3! The carbonyl carbon resonance is not sensitive to the local environment. Only
one resonance can be detected in the carbon NMR of poly(DEDPM),, prepared using 1a at
170.7 ppm (Figure 2.6b) characteristic for six-membered rings consistent with the findings
for the quaternary carbon resonance. Four resonances between 131.7 and 134.3 ppm for
the four sp? carbons and two resonances for the ring CH; groups make a complete

assignment of resonances possible (Figure 2.6b) in contrast to the complicated carbon
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NMR for poly(DEDPM), containing a mixture of five- and six-membered rings. Two
different resonances are observed for the ring CHj carbons as a result of the asymmetry of
the six-membered ring.

It is important to note that all the initiators containing the triphenylacetate ligand
(1a, 1b, 2a and 2b) exhibit the same selectivity towards the exclusive formation of six-
membered rings. Also no dependence of the regioregularity of the polymers on the solvent
was observed. Polymerizations in toluene, DME, THF and CH;Cl; all gave polymers
only containing six-membered rings. 13C labelling of the quaternary carbon of DEDPM
allowed to more precisely quantify the relative contents of five- and six-membered rings
(97.8% six-membered rings in poly(DEDPM), prepared using initiator 2b).

The 'H NMR spectrum of poly(DEDPM)gq prepared using Mo(N-2,6-i-Pr;-
CeH3)(CHCMe3)[OC(CF3),Me], exhibits only broad resonances and contains only very
little information (Figure 2.7a). The proton NMR spectra of the polymers containing only
six-membered rings in contrast are relatively simple and can be assigned completely (Figure
2.7b). Two signals at 6 ppm for the olefinic protons on the ring and on the bridging sp?
carbons, the peaks for the ethyl ester substituents (4.2 and 1.2 ppm) and two resonances at
3 ppm for the ring CH; groups can be identified. The cis/trans configuration of the
exocyclic double bond or the s-cis/s-trans configuration of the backbone single bond cannot
be determined. However the minor peak at 54.2 ppm in the carbon NMR (Figure 2.5.b)
can best be explained by cis/trans isomerism of the exocyclic double bond since no
coalescense of the two resonances was observed at temperatures up to 120 °C. Two

possible idealized planar conformational isomers (A and B; R = CO,Et) are drawn below.
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The reduced degree of conjugation of the regular polymers in comparison to the
polymers containing five- and six-membered rings in the backbone can best be explained
by stronger steric interactions between the repeating units forcing them out of the plane of
conjugation. No evidence for a possible break of conjugation due to a 1,3-tautomeric shift
within the six-membered ring could be found. Such a tautomeric shift would change the
chemical shift of the quaternary carbon drastically since one adjacent CHy-sp3 carbon
would be replaced by a CH-sp? carbon at Cgquat- Additionally this break of conjugation has
to occur at least in about 5% of the rings in order to affect the average conjugation length
noticeably. In the 13C labelled carbon NMR spectrum only the resonances for the five-

(58.0 ppm) and six-membered (54.5 ppm) rings were observed.

Ar
Ph;CCO; 4, N

Mo=— &
O L i _)ﬂ
. Mo=—

Ph;CCO, "
toz Ph3 CC O/ E——-l" 4
) EtOzC - CO,Et
o addition B addition

Figure 2.8. Schematic Representation of the Bulk of Steric Interaction in o and 8

Addition. Severe Interactions Between the Ligand Sphere and the Substituents on Cqygt of
DEDPM during o Addition.

The mechanism of polymerization presumably consists of addition of the first triple
bond to an alkylidene to give exclusively a B-substituted metallacyclobutene intermediate
which upon intramolecular cyclization forms the six-membered ring structure. But why are
these bis(triphenylacetate) initiators so selective towards the formation of six-membered
rings? Steric interaction during the addition of the first triple bond and formation of the

metallacyclobutene ring offers the most plausible explanation. In ¢ addition the monomer
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sterically interacts mainly with the ligand sphere of the metal center, while in  addition
mainly with the substituent on the alkylidene carbon Cgy (Figure 2.8). A sterically
demanding ligand sphere, as provided by the bulky triphenylacetate ligands, is more likely
to enforce {3 addition than o addition, but steric bulk of the ancillary ligands alone does not
make a catalyst selective. Some of the bis(alkoxide) catalysts also contain a sterically
demanding ligand sphere, but show no selectivity towards the formation of six-membered
rings. Also loss of selectivity is observed employing the sterically demanding
bis(carboxylato) complex Mo(N-2--Bu-CgH4)(CHCMe;Ph)(O2CSi(SiMe3)3);.
Surprisingly a slight tendency towards the formation of five-membered rings was found in
this case (62:38; five- to six-membered rings).

The distance of the steric bulk from the metal center is crucial to enforce most
effective interaction between the ligand sphere and the substituents on Cqyat in DEDPM
during the metallacyclobutene formation step. The X-ray structure of 2b (Chapter 1,
Figure 1.1 and Figure 1.2) shows that all ortho carbons of the triphenylacetate ligands are
positioned 4.5 to 6 A remote from the metal center. This range approximately corresponds
to the range of expected distances between the terminal sp-carbon and atoms of the
substituents on Cquat in DEDPM. The triphenylacetate ligands can be viewed as umbrellas
providing severe interactions with the substituents on the monomer upon coordination

during o addition. As a result o addition is simply sterically untenable.

Variation of Monomer.

The argument for the selectivity towards the formation of six-membered rings was
based on steric grounds. Variation of monomers, in particular with emphasis on different
steric environments, should provide more evidence on this matter. Three sterically
different groups of monomers (Scheme 2.2) were investigated in the bulk polymerization

using the bis(triphenylacetate) initiator 2b. All compounds of type I can be synthesized in
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RO,Cy, ,COR NG, JCOR H, ,CO.R
I . I
I I I
DMDPM R=Me; R'=Me DPMCA R=Me DPEA R=Et
DEDPM R=Et; R'=Et DPBCA R=rBu DPNpA R =Np
BEDPM R=Et; R'=tBu DPBA R=tBu

DBDPM R =tBu; R =tBu

Scheme 2.2. List of All Monomers Used in this Chapter.

one simple step from the corresponding malonic acid diester. Similarly double
deprotonation of the cyano acetate derivative with sodium hydride and treatment with two
equiv of propargylbromide yields monomers of type II in good yield as crystalline solids
(DPMCA was reported to be an oil; we isolated the pure material as crystals). The
compounds of group III can be obtained as colorless oils in one step from the

acidchloride’ as pictured in eq 3.

ROH + pyridene
Hz‘ COCl or }L,' CO,R

R'OLi (3)
. ether I

R = neopentyl
R' = r-butyl

Y
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All malonate based monomers (type I) are cyclopolymerized in toluene by initiator
2b in very good isolated yields (>90%). The relative content of five- and six-membered

rings was determined by 13C NMR and the results are listed in Table 2.6.

Table 2.6. Relative Portions of Five- and Six-membered Rings in Cyclopolymers

Prepared Using Initiator 2b in Toluene.2

CO-regionP Cauaternary®
sample S-rings 6-rings 5-rings 6-rings
poly(DMDPM)3 9 91 d d
poly(DEDPM)3o 1.2 98.8 2.2¢ 97.8¢
poly(BEDPM)3p 3.3 96.7 2.2 97.8
poly(DBDPM)3 4.2 95.8 3.3 96.7

a All spectra were obtained at 25 °C in CDCI3 at 125 MHz. b Resonances in the carbonyl
region of 165-172 ppm were used. € Signals of the quaternary carbon in the region of 40-
60 ppm were used. 9 Not determinable. € 13C labelled quaternary carbon.

DMDPM exhibited less selectivity than the monomers with bigger substituents.
DMDPM is probably already too small and the steric interactions that determine the energy
difference of the transition states of the two addition modes are dirﬁinished resulting in
reduced selectivity. A slight decrease in selectivity compared to DEDPM in decending
order is also observed in poly(BEDPM); and poly(DBDPM), consistent with findings by
H. H. Fox.3! Presumably large ester groups thermodynamically favor five-membered
rings. Poly(BEDPM), containing only six-membered rings in the polymer backbone
represents an interesting type of polymer since it possesses asymmetric carbons in the
polymer backbone. The quaternary carbon has four different substituents due to the

asymmetry of the six-membered ring. If all the asymmetric carbons have the same
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configuration, the polymer is intrinsically chiral. Polymerization of a prochiral monomer
such as BEDPM with a chiral catalyst or with the use of a chiral auxillary could potentially
give intrinsically chiral polymers. These considerations were further incentive to explore
the regioselective polymerization of prochiral monomers of type II and III.

The homopolymerization of dipropargyl cyanoacetates (type II) and dipropargyl
acetates (type III) using 2b was investigated. Toluene was used as the solvent for all
polymerizations except for the preparation of poly(DPMCA)3p. In this case CH2Cl, was
used as solvent since the polymer precipitated from toluene during the reaction. The
asymmetry of Cqyar implied some difficulty in the determination of five- and six-membered
rings since extra resonances had to be expected due to tacticity. The preparation of a model
polymer provided the solution. Diethylmalonate derivatives are known to undergo
decarboxoethylation under appropriate conditions.”> This reaction applied on
poly(DEDPM),, containing only six-membered rings should yield an atactic polymer also
containing only six-membered rings. The 13C NMR spectrum of the obtained polymer
served as the reference to determine the content of five- and six-membered rings in
polymers of type III monomers. For these polymers the carbonyl carbon is a better
reference than the quaternary carbon, since no other resonances interfere in this region.
The all six-membered ring polymer shows only one peak at 174.5 ppm. Comparison with
the carbon NMR spectra of poly(DPEA), indicates that a resonance at 175.5 ppm
corresponds to five-membered ring structures. The contents of five- and six-membered
rings for polymers prepared by reacting 2b with monomers of type II and III are listed in
Table 2.7.

The results in Table 2.7 indicate that the selectivity is significantly reduced by
replacing an ester with a smaller cyano group on the monomer. Selectivity towards
formation of six-membered rings is almost completely lost in the polymerization of the less

substituted group ITI monomers. Presumably the monomer can now add in an o addition
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Table 2.7. Relative Portions of Five- and Six-membered Rings in Cyclopolymers

Prepared Using Initiator 2b.2

CO-regionb Cauaternary®
sample S-rings 6-rings S5-rings 6-rings
poly(DPEA), 31 69 31 69
poly(DPNpA), 37 63 d d
poly(DPBA), 37 63 d d
poly(DPMCA), 13 87 d d
poly(DPBCA), 17 83 d d

a All spectra were obtained at 25 °C in CDCl3 at 125 MHz. b Resonances in the carbonyl
region of 165-172 ppm were used. € Signals of the quaternary carbon in the region of 40-
60 ppm were used. 9 Not determinable.

mode with a small proton pointing towards the ligand sphere instead of a large ester group.
These findings strongly support the steric argument established earlier in this chapter for
the selectivity towards the formation of six-membered rings in cyclopolymerizations

involving the bis(triphenylacetate) initiators.

Water Soluble, Conjugated Polymers.

Water soluble, highly conjugated polymers are desirable materials in view of the
abundance and versatility of water as solvent. Poly(DEDPM), containing a mixture of
five- and six-membered rings reacts with 2 equiv of NaOH to afford highly conjugated,
completely water-soluble polymers. However no further characterization of these polymers
was reported. Water soluble polymers prepared from all six-membered ring
poly(DEDPM),, could exhibit interesting properties and their structure determination was

expected to be greatly facilitated.
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Reaction under reflux of a solution of regioregular poly(DEDPM), in THF with
two equiv of KOH per repeating unit under dinitrogen precipitates the hydrolyzed polymer
in quantitative yield as shown in eq 4. The polymers were found to be soluble only in

water to form intensely colored, purple solutions.

EtO,C,, ,CO,Et
2 KOH
A THF

Q)

IH and 13C NMR spectra in D,O are consistent with the depicted structure. No
evidence for ethyl groups could be found. Traces of THF could not completely be
removed under vacuum. The polymers are stable in degassed water, but decolorize in the
presence of oxygen.

The tert-butyl group in z-butylethylmalonate can selectively be cleaved off with acid,
and the ethyl group with base. Several attempts to selectively remove the #-butyl group
with trifluoroacetic acid, the most common reagent for this reaction, lead to decomposition
of the polymer. However with one equivalent of KOH or NaOH, analogous to the reaction
described above, the ethyl group can selectively be cleaved off (eq 5). The polymer is still

water soluble, but to a lesser extent than the polymer with higher metal content (eq 4).

t-BUOZC;},’ COzM
MOH
THF N

Y

&)

M=Na K

69



IH and 13C NMR spectra exhibit only resonances for the #-butyl group, but not for
the ethyl substituent and suggest a regular structure of the polymer backbone. Again

instability towards air was observed.

Nonlinear Optical Properties.

Polyenes and their oligomers are very important candidates for the study of
nonlinear optics since these materials possess large third-order nonlinearities and serve as
excellent model conjugated systems. When light interacts with a bulk material it induces a

polarization (P) according to eq 6.7® The first term represents the linear portion of the

P=yWE+x@EZ+yG)E3+ ... (6)

response with the linear susceptibility (1) related to the refraction of the material.
Macroscopic polar asymmetry is the requirement for second order response ((2)). Third-
order nonlinear optical effects arise universally and have no special requirements on
structural symmetry. However x(3) is often unmeasurable small. On a molecular level ¥
represents the molecular third-order hyperpolarizabilty. For small numbers of double
bonds (N), a power-law dependence y = kN® is found to approximate the theoretical
results in all models (o between 3 and 6). For large N a linear dependence of y on N is
found.

A study of y was performed on the series of homopolymers of DEDPM prepared
using 1a (see Table 2.1 and Table 2.3) in collaboration with Dr. Ifor D. W. Samuel at the
Centre National d'Etudes des Telecommunications (Table 2.8). y was measured in solution
(THF) by third harmonic generation (THG) at 1.9 um. The graph of 7y as a function of N
(Figure 2.9) suggests that 7y is proportional to N (the graph of y versus N does not pass

exactly through the origin, but the difference is within the experimental error).
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Table 2.8. Nonlinear Optical Data for Poly(DEDPM), Using 1a as Initiator in Toluene.

polymer Na ¥ (10-34 esu)d YN
poly(DEDPM); 136.6 326.8 2.393
poly(DEDPM)s 116.9 235.2 2.013
poly(DEDPM); 162.1 249.3 1.538
poly(DEDPM)g 154.3 438.8 2.844
poly(DEDPM)1 175.9 355.1 2.018
poly(DEDPM)14 206.6 443.5 2.147
poly(DEDPM)yg 362.6 955.7 2.636
poly(DEDPM)30 548.9 1650.9 3.008
poly(DEDPM )45 489.0 1234.3 2.524
poly(DEDPM)g5 8717.5 2771.8 3.159
poly(DEDPM)go 925.8 2245.0 2.425
poly(DEDPM)125 1036.6 3423.7 3.303
poly(DEDPM)200 11873 3758.3 3.165

a Number of double bonds based on My, determined by GPC (Table 2.1). b Determined by
THG at 1.9 pm in THF.

These results are consistent with data reported for the homopolymers of DEDPM
containig a mixture of five- and six-membered rings for polymers with larger chain
length.”7 There is, however, a very important difference between the two series of
polymers: the values of y/N in the series of the all six-membered ring polymers are less
than one fifth of the values reported for the polymers with a mixture of five- and six-
membered rings. This finding can best be explained by a reduced extent of electron

delocalization as suspected based on the UV/Vis absorption spectra. Possibly the
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crossover from short chain behavior (Y= kN®) to long-chain saturation (y = N) occurs at a

different chain length for the polymers with a regular structure.

——y =-192.48 + 3.2273x R= 0.98773
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Figure 2.9. Plot Showing the Third-order Hyperpolarizability y versus the Average
Number of Double Bonds in Poly(DEDPM),, Prepared Using 1a in Toluene.

CONCLUSIONS

The cyclopolymerization of diethyldipropargylmalonate was investigated using the
molybdenum(VI) alkylidene initiators containing bulky carboxylate ligands introduced in
Chapter 1. The living nature of the polymerization employing Mo(N-2-z-Bu-
CsH4)(CHCMe3)(0O2CCPh3); was established by the synthesis of series of polyenes with
low polydispersities. Polymerizations involving adamantylimido complexes suffer from a
large ratio of the rate of propagation to the rate of initiation and cannot considered to be
strictly living. However improvements in the regulation of molecular weights and polymer

distributions can be achived in those cases by polymerization in the presence of a base.
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MALDI TOF MS was introduced as an absolut method for the molecular weight
determination of conjugated polymers. The results not only revealed a systematic error of
the molecular weight determination by GPC with an on-line viscometer, but also proved the
identity of the polymer endgroups.

Poly(DEDPM),, prepared using bis(triphenylacetate) initiators exhibited reduced
average conjugation compared to poly(DEDPM); containing five- and six-membered rings
in the polymer backbone. !3C NMR analysis revealed a regular polymer structure
containing only six-membered rings. The bulky triphenylacetate ligands encourage
regioselective addition of the first triple bond to give exclusively (>98%) a B-substituted
metallacyclobutene intermediate. The partial loss of selectivity upon polymerization of less
substituted heptadiyne derivatives substantiates an explanation of the "B selectivity" on
steric grounds. The cyclopolymerization of DEDPM employing Mo(N-2-t-Bu-
CgH4)(CHCMe3)(O,CCPh3); represents a rare example of full control over chain length,
endgroups and regularity of structure by living, regioselective polymerization in the field of

conjugated polymers.

EXPERIMENTAL

General details. All experiments were performed under a nitrogen atmosphere in a
Vacuum Atmospheres dry box or by standard Schlenk techniques under an argon
atmosphere unless specified otherwise. Celite and alumina were dried at ~130 °C for at
least a week. Pentane was washed with sulfuric/nitric acid (95/5 v/v), sodium bicarbonate
and water, stored over calcium chloride, and distilled from sodium benzophenone ketyl
under nitrogen. Reagent grade diethyl ether, tetrahydrofuran, toluene, benzene and 1,2-
dimethoxyethane were distilled from sodium benzophenone ketyl under nitrogen. Reagent
grade dichloromethane was distilled from calcium hydride under nitrogen. Toluene, THF

CH,Cl; and DME used for polymerizations were stored over 4A molecular sieves.
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Benzene-dg and dichloromethane-d; were sparged with argon and stored over 4A
molecular sieves. Benzaldehyde was distilled and passed through alumina prior to use.

Two different GPC setups were employed for polymer samples presented in this
Chapter. The GPC on-line light scattering setup consisted of two Jordi-Gel DVB Mixed
Bed columns in series, a Wyatt Mini Dawn light scattering detector (Wyatt Technology)
and a Knauer Refractometer using samples 0.5-0.6% w/v in THF, which were filtered
through a Millex-SR 0.5 um filter in order to remove particulates. The GPC data were
analyzed using Astrette 1.2 (Wyatt Technology). The GPC on-line viscometry setup
consisted of two Jordi-Gel DVB Mixed Bed columns in series and a Viscotek Differential
Refractometer/Viscometer H-500 using samples 0.1-0.2% w/v in THF, which were
filtered through a Millex-SR 0.5 um filter. GPC columns were calibrated versus
polystyrene standards (Polymer Laboratories Ltd.) which ranged from 1206 to 1.03x106
MW. The GPC data were analyzed using Unical 4.03 (Viscothek). UV/Vis spectra were
obtained using a Hewlett Packard 8452 A Diode Array Spectrometer.

NMR data were obtained either at 300 MHz (1H) and 75.43 MHz (13C) on a Varian
XL 300 NMR spectrometer or a Varian Unity 300 NMR spectrometer or at 500 MHz (1H)
and 125 MHz (13C) on a Varian 500 NMR spectrometer and are listed in parts per million
downfield from tetramethylsilane for proton and carbon. Spectra were obtained at room
temperature unless noted otherwise.

All chemicals used were reagent grade (Aldrich) and used without further
purification unless noted otherwise. Diethyldipropargylmalonate,*? dipropargyldi-tert-
butylmalonate,3! dimethyldipropargylmalonate,’® dipropargylcyanomethylacetate’ and
dipropargylacetylcloride’> were prepared as reported in the literature.

Polymerization of DEDPM. In a representative polymerization stock solutions
of DEDPM (0.406 M) and 1a (0.00676 M) in toluene that had been distilled over sodium
benzophenone ketyl, stored over molecular sieves (4 A) and passed through alumina, were

prepared. To 3007 pl of the catalyst stock solution 3 mL of toluene was added. 1000 pl of
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the monomer stock solution were squirted in. Within 30 s the reaction mixture turned deep
red. After 6 h 16 pl of benzaldehyde were added. After stirring for 3 more hours the
solution was concentrated in vacuo to about 1.5 mL. The polymer was precipitated in 60
mL of pentane, collected on a frit and dried in vacuo yielding a red, powderous material (90
mg, 91%). All operations were carried out under dinitrogen and the polymers were only
briefly exposed to air for the sample preparation for the GPC analysis. Samples for
MALDI TOF mass spectroscopy were submitted as a 107 molar solution (based on the M,
determined by GPC) in acetone under dinitrogen. 1H NMR (CDCl3) § 6.2 (br, 1H, =CH),
5.9 (br, 1H, =CH), 4.2 (m, 4H, CH,CH3), 3.2 (br, 2H, CHa(ring)), 2.9 (br, 2H,
CH2(ring)), 1.2 (t, 4H, CHyCH3). 13C NMR (CDCl3) § 170.7 (CO4EY), 134.3, 133.9,
132.9, 131.7 (sp2-C), 61.5 (CH,CH3), 54.5 (Cquat), 35.0, 32.2 (CHa(ring)), 14.0
(CH2CH3). Minor additional resonances for the polymer backbone protons and carbons as
well as the ring CHj groups can be detected in the !H and !3C NMR spectra. We attribute
these to cis/trans isomerism at the exocyclic double bond.

Polymerization of other heptadiyne monomers. All polymerizations were
carried out in a manner similar to the polymerization of DEDPM in toluene with the
exception of the polymerization of DPMCA, which was carried out in CH,Cl5 due to the
insolubility of poly(DPMCA), in toluene.

Polymerization of DEDPM in the presence of a base. In a representative
series of polymerizations employing one initiator and several bases, stock solutions of
DEDPM (0.254 M) and 2a (0.0126 M) were prepared. All reactions involving the same
initiator were run at the same time to assure identical conditions and one reaction with each
catalyst was carried out in the absence of a base. To 1 mL of the catalyst stock solution 5
mL of toluene and subsequently one equivalent of the base were added. After stirring for 2
min 1 mL of the monomer solution was squirted in. Depending on the nature of the base
the solution eventually turned deep red. After 20 h 12 pul of benzaldehyde were added.

After stirring for one more hour the solutions were concentrated in vacuo to about 1.5 mL.
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The polymer was precipitated in 60 mL of pentane, collected on a fritt and dried in vacuo
yielding a red, fluffy material (55 to 65 mg, 82 to 96%). All operations were carried out
under dinitrogen and the polymers were only briefly exposed to air for the sample
preparation for the GPC analysis.

tert-Butylethyldipropargylmalonate (BEDPM). r-Butylethylmalonate (5.0
g, 26.6 mmol) was added to a suspension of NaH (1.4 g, 58.4 mmol) in THF under ice
cooling. The reaction mixture was allowed to warm up to room temperature and after the
gas evolution had stopped, propargyl bromide (6.95 g, 58.4 mmol; 80% wt solution in
toluene) was added at 0 °C. After the reaction mixture was stirred overnight, 100 mL of
water and 100 mL of ether were added. The organic layer was separated and the water
phase was washed two times with more ether. The combined organic extracts were dried
over magnesium sulfate, all volatiles were removed and the resulting off-white solid was
recrystallized from pentane to give white needles (4.8 g, 18.2 mmol, 68%). 'H NMR
(CDCl3) 6 4.22 (q, 2H, CH2CH3), 2.92 (d, 4H, CH,CCH), 2.01 (t, 2H, CCH), 1.44 (s,
9H, CMe3), 1.25 (t, 3H, CH2CH3); 13C NMR (CDCl3) § 168.9 (CO,CCH,CH3), 167.5
(CO2Me3), 82.6 (CMe3), 78.8 (CH,CCH), 71.4 (CH,CCH), 61.7 (OCH,;CH3), 56.7
(Cquat), 27.7 (CMe3), 22.5 (CH,CCH), 14.0 (CH2CH3). Anal. Calcd. for C15H,9O4: C,
68.16; H, 7.63; N, 0. Found: C, 68.13; H, 7.79 N, -0.06.

2,2-Dipropargylneopentylacetate (DPNpA). A solution of dipropargyl
acetylchloride (2.0 g, 12.94 mmol) in 15 mL diethyl ether was added at room temperature
to a solution of neopentanol (1.14 g, 12.94 mmol) and pyridine (1.02 g, 12.94 mmol) in
40 mL of ether. A white precipitate formed immediately and the reaction mixture was
stirred for 22 h. The precipitate was filtered off, the volatiles were removed in vacuo and
the remaining oil was distilled at 115 °C at reduced pressure (10 Torr) yielding a clear oil
(1.5 g, 7.3 mmol, 57%). 'H NMR (CDCl3) § 3.80 (s, 2H, OCH»), 2.77 (p, 1H,
CHCOy), 2.64 (m, 4H, CH,CCH), 1.98 (t, 2H, CCH), 0.92 (s, 9H, CH3); 13C NMR
(CDCl3) 6 172.3 (COy), 80.5 (CH2CCH), 74.3 (OCH,), 70.5 (CCH), 43.2 (CHCOy»),
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31.3 (CCH3), 26.4 (CH3), 19.9 (CHy). MS (EI) m/e 206 (M*). Anal. Calcd. for
C13H1802: C, 75.69; H, 8.80; N, 0. Found: C, 75.30; H, 8.91 N, -0.02.

2,2-Dipropargyl-tert-butylacetate (DPBA). A solution of ¢-butyl alcohol
(960 mg, 12.94 mmol) in 5 mL of THF was added to a suspension of NaH (311 mg,
12.94 mmol) in 15 mL THF at room temperature. The reaction mixture cleared up after
stirring for 7 h and dipropargylacetylchlorid (2.0 g, 12.94 mmol) was added at 0 °C. The
reaction mixture was stirred overnight, the resulting precipitate was filtered off and all
volatiles were removed from the filtrate. Distillation at 85 °C at 10 Torr gave a colorless oil
(1.1 g, 5.7 mmol, 44%). 'H NMR (CDCl3) § 2.65 (m, 1H, CHCO»), 2.56 (m, 4H,
CHy), 1.97 (t, 2H, CCH), 1.43 (s, 9H, CH3); 13C NMR (CDCl3) § 171.5 (CO,), 81.4
(CCH3), 80.7 (CH2CCH), 70.3 (CCH), 43.7 (CHCO3), 28.0 (CH3), 20.0 (CH»).

Dipropargylmethylcyanoacetate (DPMCA). Methylcyanoacetate (15.0 g,
151 mmol) was added to a suspension of NaH (3.0 g, 124.7 mmol) at 0 °C. After stirring
for 2 h at room temperature, the reaction mixture was cooled down to 0 °C again and
propargylbromide (39.6 g, 333 mmol; 80% wt solution in toluene) was added. After
stirring overnight 200 mL of water and 200 mL of ether were added to the brown
suspension. The organic layer was collected and the water phase was washed twice with
ether. The combined organic extracts were dried over magnesium sulfate, the volatiles
were removed in vacuo and the remaining solid was recrystallized from pentane to afford
colorless cubes (12.7 g, 48%). 'H NMR (CDCl3) & 3.88 (s, 3H, OCH3), 2.93 (d, 4H,
CHy), 2.23 (t, 2H, CCH).

Dipropargyl-tert-butylcyanoacetate (DPBCA). tert-Butylcyanoacetate (8.0
g, 56.7 mmol) was added to a suspension of NaH (3.0 g, 124.7 mmol) at 0 °C. After
stirring for 2 h at room temperature, the reaction mixture was chilled down to 0 °C again
and propargylbromide (14.9 g, 124.7 mmol; 80% wt solution in toluene) was added. After
stirring overnight 200 mL of water and 200 mL of ether were added. The organic layer

was collected and the water phase was washed twice with ether. The combined organic
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phases were dried over magnesium sulfate, the volatiles were removed in vacuo and the
remaining oil was distilled at 90 °C at oil pump vacuum. The clear distillate was
crystallized from pentane to afford white needles (9.2 g, 75%). 1H NMR (CDCl3) § 2.88
(d, 4H, CHy), 2.21 (t, 2H, CCH), 1.52 (s, 9H, CH3); 13C NMR (CDCl3) § 164.6 (CO»),
117.4 (CN), 85.2 (CCH3), 76.3 (CH2CCH), 73.4 (CCH), 47.6 (CHCO,), 27.7 (CH3),
25.7 (CHp). Anal. Calcd. for C;3H5NO;: C, 71.87; H, 6.96; N, 6.45. Found: C,
71.87; H, 7.04 N, 6.37.

Decarboxyethylation of poly(DEDPM),. To a solution of poly(DEDPM),
(76 mg, 0.32 mmol of monomer units) in 5 mL of DMSO, H,0 (5.8 mL, 0.32 mmol) and
LiCl (27 mg, 0.64 mmol) were added under Argon. After refluxing for 3 h the solvent was
removed in vacuo and the structure of the polymer was confirmed by !H NMR and 13C
NMR spectroscopy.

Hydrolysis of poly(DEDPM),. A solution of KOH (52 mg, 0.93 mmol) in
THF/H0 (15:1, 15 mL) was added to a solution of poly(DEDPM), (100 mg, 0.423 mmol
of monomer units) in THF (2 mL). The reaction mixture was refluxed for 12 h and
resulted in a clear solution with purple precipitate. After decanting of the solvent, the
product was washed with THF and dried under oil pump vacuum until almost all the
solvent was removed yielding a glassy film. !H NMR (D,0) § 6.3 (s, 1H, =CH), 6.0 (s,
1H, =CH), 3.0 (s, 2H, CHy), 2.9 (s, 2H, CH3); 13C NMR (D;0) § 181.3 (CO3), 138-
126 (=CH), 59.0 (Cquat), 37.2 (CH»), 34.7 (CHp).

Hydrolysis of poly(BEDPM),. A solution of KOH (28 mg, 0.69 mmol) in
THF/H,0 (15:1, 2 mL) was added to a solution of poly(BEDPM),, (183 mg, 0.69 mmol of
monomer units) in THF (3 mL). The reaction mixture was refluxed for 14 h and resulted
in a clear solution with purple precipitate. After decanting of the solvent, the product was
washed with THF and dried under oil pump vacuum until almost all the solvent was
removed yielding a glassy film. !H NMR (D;0) & 7.4-5.7 (br, 2H, =CH), 2.9-2.3 (br,
4H, CHy), 2.9 (s, 9H, CH3); 13C NMR (D70) § 173 (CO»), 167 (CO»), 134-121 (=CH),
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75 (CMe3), 51 (Cquar), 30-22 (CH3), 20 (CCH3). The analogous reaction with NaOH

gave the same result.
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CHAPTER 3

Soluble, Highly Conjugated Polyenes via the Molybdenum-Catalyzed
Copolymerization of Acetylene and Diethyldipropargylmalonate

Most of the material covered in this chapter has appeared in print:

Schattenmann F. S., Schrock, R. R. Macromolecules 1996, 29, 8990.

80



INTRODUCTION

The cyclopolymerization of diethyldipropargylmalonate (DEDPM) by 1a and 2b to
give soluble, dark red polyenes that contain only six-membered rings in the polymer
backbone as a consequence of a selective head-to-tail cyclopolymerization process was
addressed in great detail in the previous chapter (eq 1).7% The lowest energy Amax Was
found to be 534 nm. In comparison, the absorption due to the lowest 7 to T* transition in

the parent polyacetylene was reported at 594 nm for all-cis polyacetylene and 700 nm for

Ad Ar
I I
T oMepn I CMe,

M M

Ph;CCO, W, Ph3CC02\\/
Ph;CCO3 Ph;CCO;
la 2b
Ad = adamantyl Ar' = 2-t-butylphenyl

X
la or 2b
(D
- ZNA,
X = C(CO,Et),

the all-trans polymer.8° As pointed out before, polyacetylene is an insoluble and intractable
material and many techniques were developed to tackle the processability problems such as
synthesis as a free standing film from acetylene3!:32 and multi-step routes over soluble
polymer precursors.33-85 However the resulting materials are still intractable. Polyenes
that approach the degree of conjugation of pure polyacetylene, yet are still soluble and
processable are highly desired.

In order to increase the conjugation length, while hopefully maintaining solubility
and relative air stability, we considered the preparation of random copolymers of sterically

demanding DEDPM units with parent acetylene as an elegant entry to less substituted and
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more conjugated polyacetylene derivatives. There is only one report of a controlled
polymerization of acetylene by a well-defined catalyst,!6 as the rate of propagation is
usually much greater than the rate of initiation. Synthesis of a copolymer from two
monomers with homopolymerization reactivity differences as great as suspected between
DEDPM and acetylene is an additional significant challenge.86:87

The failure of 1a and 2b to function as catalysts for the ring-opening of
norbornenes and substituted norbornadienes suggests that "backbiting” into a polyene
sequence formed by incorporation of several equivalents of acetylene is expected to be an
unlikely side reaction (Scheme 3.1). We report in this chapter that it is possible to
synthesize random copolymers of acetylene and DEDPM, if the rate of addition of acetylene

to 1a or 2b in the presence of DEDPM is tightly controlled.

Mo=—=" "X Mﬁ\ Mo+
—J - |0 -

R R

Scheme 3.1. Formation of Benzene by Subsequent Insertion of at Least Three Actylene
Units into the Molybdenum Alkylidene Bond Followed by Intramolecular Metathesis.

RESULTS AND DISCUSSION
Acetylene Addition System.

Preliminary experiments involved the addition of acetylene via syringe through a
rubber septum into the reaction vessel and indicated the possibility of a successful random
copolymerization of DEDPM and acetylene. However reproducibility was an issue with

regard to the rate of acetylene addition and leakage of acetylene. In order to yield
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reproducible results, a computer controlled gas addition system had to be implemented. A
schematic representation of the acetylene addition setup is pictured in Figure 3.1.
Acetylene of the highest, commercially available purity (grade 2.6) was supplied with a
maximal pressure of 20 psi above atmospheric pressure. Traces of moisture were removed
by passing the gas through molecular sieves. Acetone, used as an acetylene stabilizer, and
other impurities were removed by an activated charcoal trap. Essential to the gas addition
setup was a mass flow controller unit with a flow range of 0 to 10 mL/min. The mass flow
control unit was driven by a computer equipped with a data aquisition board. A two neck
flask with one neck attached to the addition system served as the reaction vessel, the other
neck was used to add the catalyst and DEDPM solutions. The acetylene was introduced
into the head space of the reaction mixture immediately above the stirring solution in a
linearly decreasing manner starting from a selected initial flow rate over a preset period of

time.

Copolymerization of DEDPM and Acetylene.

In a typical experiment a solution of DEDPM in toluene was added to a solution of
initiator 1a in toluene followed by addition of purified acetylene using the described setup.
The color of the reaction mixture changed from orange to red to purple, and in the cases
where the polymer had a high acetylene content (>1 acetylene per DEDPM), to navy blue.
The color change accelerated upon acetylene addition and the final color was usually
observed within minutes of completion of acetylene addition indicating the end of the
copolymerization. Insertion of an acetylene unit into the molybdenum alkylidene bond
affords a propagating species with an alkylidene functional group with protons on the o, B,
and y carbon. Such an 'open’ alkylidene species is presumably very reactive and will
rapidly insert acetylene or DEDPM. A dependence of the reactivity on the steric demand of
the alkylidene functional group in the synthesis of polyenes using alkylidene bis(alkoxide)

complexes has been shown before. 16
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Scheme 3.2. Propagating Species with Protons on the a, B and y Carbons from the
Reaction of Acetylene with a Monosubstituted Molybdenum Alkylidene Complex.

The resulting polymers form intensely colored solutions, and upon evaporation of
the solvent, films that have a copper-like luster. All such films can be redissolved readily
in chloroform, THF, dichloromethane, and toluene; they are insoluble in pentane and ether.

Yields of the copolymers ranged from 90 to 100%.

Acetylene Incorporation.

The 'H NMR spectra of the copolymers were found to be similar to those of the
homopolymers of DEDPM with two additional resonances in the olefinic region
representing the only difference. The copolymer proton NMR spectra are generally broader
than the spectra of the homopolymers of DEDPM indicating that the six-membered rings
are in different chemical environments as expected for a statistical copolymer. The
acetylene content in the polymer could be determined by integrating the olefinic resonances
versus the methylene resonances in the ethyl groups or the six-membered ring. The peak
for the ethyl CHj groups usually gave a higher integral value than the six-membered ring
methylene signals, but in most cases the difference amounted to less than 5%. The average
of the two different methylene integrals was used to calculate the % acetylene found, as
shown in Table 3.1. The degree of acetylene incorporation correlates well to the amount of

acetylene added (Table 3.1 and Figure 3.2).
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Table 3.1. Acetylene Incorporation Determined by !H NMR and UV/Vis Data for

DEDPM/Acetylene Copolymers Using 1a as Initiator in Toluene.

entry?  acetylene theory (%)®  acetylene found (%)¢  Amax (nm)d  €mpax (cm2/g)d

1 50 53 548 47300
2 75 81 562 55200
3 100 101 576 81000
4 100 96 576 69700
5 120 119 586 75700
6 120 121 584 76600
7 150 153 598 86300

2 All runs with 20 mg (0.021 mmol) of 1a, 12 mL of toluene and 30 equiv of DEDPM
(0.63 mmol; 149 mg). ® Mol percentage of acetylene relative to DEDPM. ¢ Determined b

y
IH NMR. d In CH,Cl,.
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Figure 3.2. Plot Showing Acetylene Found in DEDPM/Acetylene Copolymers Using 1a
as Initiator in Toluene versus Acetylene in Theory.

Monomer Sequence of Copolymers.

A useful diagnostic resonance in 13C NMR spectra is the signal due to the
quaternary carbon atom in the six-membered ring.”® The resonance for the homopolymer
(i below; X = C(CO,Et),); Figure 3.3a)’0 shows some fine structure that we ascribe to as
yet undefined conformers. Three basic types of quaternary carbon resonances can be
distinguished by 13C NMR in the copolymers (Figure 3.3b, 3.3c, 3.3d). One is a
quaternary carbon atom in a homopolymer triad (type i) at 54.5 ppm. A second is a
quaternary carbon atom in a triad of type ii or iii at 54.2 or 54.1 ppm. A third is a
quaternary carbon atom in a triad of type iv at 53.9 ppm. The ratio of triads ii and iii,

which are inherently different as a consequence of the asymmetry of the six-membered
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ring, is approximately 1:1, as one would expect. The fact that all four resonances have
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