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Abstract:

The [(NBD)RhC1]2 catalyzed valence isomerization of quadricyclane (Q) and the reactions of
(PhCN)2PdC12 with cyclopropane in a series of rigid systems were investigated. A detailed kinetic
study of the Rh(I) catalyzed reaction of Q revealed that this was an unusually complex reaction. Two
products were observed from this reaction, norborna-diene (NBD) and a bis(norbomadiene) (HCD).
These products formed via parallel reactions from a common intermediate. Significant solvent effects
on the rate constant were observed. In CDCI3, the reaction rate was inhibited by substrate at all
temperatures, unaffected by NBD at 37°C and enhanced by NBD at low temperatures. Four different
catalysts were shown to be operative in this system under different conditions. NBD exchange with
[(NBD)RhC1]2 was shown to proceed by a dissociative mechanism. A reaction scheme was proposed
and fitted by a computer modeling technique to accommodate the major features of this reaction.
Activation parameters for this system were determined and compared for different reaction conditions
in which different catalysts were operating. Evidence is presented which rule out the concerted and
Lewis acid mechanisms. The “cheleotropic" mechanism is consistent with all results.

(PhCH)2 PdC12 was shown to effect facile rearrangements of a series of 4 substrates with exo- and/or
endo-cyclopropanes in tri- and tetracyclic systems. A new Pd complex was characterized and
stereochemistry determined. The hydrocarbon was readily displaced by Ph3P to produce a diene
product. Stereospecific 1,3 chloropalladations and 1,2-H migrations were observed and a detailed
mechanism was proposed. A correlation between the stability of 1,3-chloropalladation adducts and the
stereochemistry of the Pd,Cl addition was observed and discussed. Cis-chloropalladation adducts
appear to be generally unstable and to result in catalytic reactions whereas trans-adducts are generally
stable and isolable.
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ABSTRACT

The [(NBD)RhCIl], catalyzed valence isomerization of quadricyclane (Q) and the
reactions of (PhCN), PdCl, with cyclopropane in a series of rigid systems were investigated.
A detailed kinetic study of the Rh(I) catalyzed reaction of Q revealed that this was an
unusually complex reaction. Two products were observed from this reaction, norborna-
diene (NBD) and a bis(norbornadiene) (HCD). These products formed via parallel reactions
from a common intermediate. Significant solvent effects on the rate constant were observed.
In CDCl,, the reaction rate was inhibited by substrate at all temperatures, unaffected by
NBD at 37°C and enhanced by NBD at low temperatures. Four different catalysts were -
shown to be operative in this system under different conditions. NBD exchange with
[(NBD)RhCl1], was shown to proceed by a dissociative mechanism. A reaction scheme was
proposed and fitted by a computer modeling technique to accommodate the major features
of this reaction. Activation parameters for this system were determined and compared for
different reaction conditions in which different catalysts were operating. Evidence is pre-
sented which rule out the concerted and Lewis acid .mechanisms. The ‘‘cheleotropic”
mechanism is consistent with all results. ‘

(PhCH),PdCl, was shown to effect facile rearrangements of a series of 4 substrates
with exo- and/or endo-cyclopropanes in tri- and tetracyclic systems. A new Pd complex
was characterized and stereochemistry determined. The hydrocarbon was readily displaced .
by Ph,P to producea diene product. Stereospecific 1,3 chloropalladations and 1,2-H migra-
tions were observed and a detailed mechanism was proposed. A correlation between the
stability of 1,3-chloropalladation adducts and the stereochemistry of the Pd,Cl addition
was observed and discussed. Cis-chloropalladation adducts appear to be generally unstable
and to result in catalytic reactions whereas trans-adducts are generally stable and isolable.




A PERSPECTIVE

The study of organometallic chemistry began with the isolation of the first organo-
transition metal complex in 1827 by Zeiss’, K* [(C, Hy )PtCl3]~. Over the next hundred
years, tﬁis area of chemistry grew slowly. In the last 30 years, the study of organometallic
chemistry has grown rapidfy in scope and importance especially in the areas of heterogen-
eous and homogeneous catalysis. Most large scale industrial chemical processes toda.y utilize
catalysts to increase efficiency of production both in terms of increasing the product yield
and in reducing energy costs due to the requirement of much less severe conditions for the
catalyzed process. Homogeneous catalysts are used in about two dozen significant pfocesses
in the American chemical industry? . In 1982, the American Chemical Society began publi-
. cation of a new journal, Organometallics, devoted solely to this area of chemistry. A his—
torical review of the development. of the study of organometallics has been published’ .

This thesis reports investigations of interactions between Rh(I) and Pd(II) organome-

tallic complexes with cyclopropanes in rigid systems.




KINETICS OF THE Rh(I) CATALYZED VALENCE
ISOMERIZATION OF QUADRICYCLANE

INTRODUCTION

Mény thermally stable high energy carbocycles are known (Fig. 1). These molecules
are orbital symmetry forbidden to valence isomerize by a concerted process, according to
the Woodward-Hoffman rules for pericyclic reactions? . However, many of these 'strained

small-ring compounds undergo a variety of facile rearrangements in the presence of a wide

range of transition metal complexes. The first section of this thesis explores the interac- -

tions between one of these small strained carBocycles and a Rh(I) metal complex.

Quadricyclane (Q) is illustrative of the properties_of these kinds of molecules. Q hés a’

total strain energy® of 78.7 kcal mol™! and 4 half life for thermal isomerization® to nor-

bornadiene (NBD) of > 14 hours at 140°C (Eq. 1). The reaction is exothermic and yields

140,°C
_—
T,=1khrs.

%

QUADRICYCLANE _ NORBORNADIENE

(D

26 kcal mol™* of energy in the form of heat”. The stability of the molecule towards the
ground state [o2s + 02s] cycloreversion process is a consequence of the requirement for
conservation of orbital symmetry. .In the presence of a variety of transition metals, how-
ever, these orbital symmetry restrictions are no longep the controiling factor and Q is
known to isomerize to NBD répidly even at low temperatures (Table 1). For instance, in
the presence of a 2 mol % sblution of {(NBD)RhCl1], (5), the half life for isomerizat'ion. at

-26°C is only 45 minutes® .




4 . 3

Figure 1. Several examples of thermally stable, strained carbocycles.

Table 1. A Partial List of Metal Complexes Known to Catalyze the Isomerization of 'Q.4 i

[(NBD)RKCI], . [(COD)PACl],

(Et, RhCI), [ (w-methyallyl)PdCl],
[(NBD)Rh(OAc)], (PhCN), PdCl,

Rh, (CO),Cl, CoTPP

(Ph,P); RhCl NiTPP
-[(NBD)PtCl1, Fe(CO),

(B4, PtCl), Fe*? (phthalocyanine)
AgClO, , AgNO, SnCl,

COD = cyclooctadiene; TPP = tetraphenylporphyrin.

Since many of these carbocycles are formed photochemically by allowed ‘cycloaddi-
tion processes, these molecules are considered important as potential solar energy capture -
and storage devices. This, coupled with the ability to rélease the stored energy on demand
by exposing the carbocycle to an appropriate transition metal catalyst, has led .to a number
of investigatiops ‘into the feasibility of using these highly strained carbocycles as solar
energy capture, storage _and release systems’ . Jones’® assessed the excitation energy stior-
age capability of one such system, 6 -~ 7 (Eq. 2), and éompared it to several substitqted “

and unsubstituted quadricyclanes, prismane, cubanes and homocubanes.
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The role that the metél plays in these rearra'ngem‘er-xts has generated a great deal of
theoretical and experimental interest. The role of the metal mu;st include provision of a
low energy pathway for rearrangement that either alters the orbital symmétry of the sub-
strate to make the concerted process allowed or provjdes a nonconcerted stepwise procéss.
Three basic mechanisms have been proposed for the ipteraction of transition metals with
strained carbocycles. Theée include the concérted or edgeboﬁnd mechanism, th_e “cheieo;

tropic’> mechanism and the Lewis acid mechanism (Fig. 2).

'é—z-%-D

Y

M
M ' M
. Concerted or . “cheleotropic’ Lewis acid or
edgebound mechanism mechanism metal-carbonium

ion mechanism

Figure 2. The three basic mechanisms proposed for metal catalyzed rearrangements of
cyclopropanes.

The removal of orbital symmetry restrictions by coordination to a metal was pro-

posed by .Mangol 0 in 1967. This mechanism involved an exchange of election pairs

11

between the metal center and the transforming ligands. In 1970, Manassen summarized
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the selection rules that govern the energy of activation and Mango’s explanation for fhe
catalytic effect of a transition metal. Manassen investigated a variety of bivalent metal
complexes of tetraphenylporphyrin or phthalocyanine for catalytic activity towards the
isomerization of Q. He found that most of the d®, d” and d® complexes.were active while
the d° and d'® complexes were not (Table 2). He also observed that square planarity of
the comple>§ appeared to be a necessary condition for catalytic activity. In 1971, Mango’2
discussed new symmetry restrictions based on ligand field effects. Little additional support
for this mechanism has come more recently. Although this mechanism does account for
the observed results in some cases, it is not generally thought to be a'viable mechanism for
metal catalyzed isomerizations today.

Table 2. Catalytic Activity for the Isomerization of Q to NBD for Square Planar Comple'xes.
of Bivalent Metal Ions by Manassen?/ .

Electron structure: & e d’ d® d® dre
Ligand Metal ion: Mn?* Fe?* Co?* Ni** Pt2* Cu?* Ag* Zn?*
Phthalocyanine - + + - + - - -
Tetraphenylporphyrin S + + - - -

N,N’-Ethylene (salicylideneiminato) + - - -

The ‘“‘cheleotropic” mechanism involves insertion of the metal into a C-C bénd fol;
lowed by cheleotropic extrusion of the metal. Support for this mechanism is largely
derived from the isolation of stable carbonyl insertion products thought to arise from the
metallacycle intermediates. Halp_ern1 7 reported the isolation‘of such a carbonyl insertion
product from the reaction of Rh,(CO),Cl, (8) with Q in 1970 (Eq. 3). He proposed t_hat
10 was produced by oxidative-addition of the metal to an edge bond of one of the cyélo-
propanes to form 9 followed by insertion of CO into one of the Rh-C bonds. Analogoﬁs
thodium carbonyl insertion products have been reported for cyclopropane!?, cubane!’ |

3, and 416 (Fig. 3). Similar carbonyl insertion products from the reaction of Fe(CO); with




6
quadficyclane and quadricyclanone have been reported by Aumann’’. In addition, oxi-
dative-addition intermediates were proposed by Noyéril & in the Ni(0) catalyzed isomeriza-
tion of Q based on the observation’of 2,6-cycloaddition products when the reaction was

run in the presence of a fivefold excess of acrylonitrile (Eq. 4).

Rhx(CO)4Cl,

G

A

While these results give strong support for the ““cheleotropic’’ mechanism, it should be
noted that none of the metallacycle intermediates proposed for these systems have been
isolated. Evidence for the concertedness of the metal extrusion is lacking as well, and it
has not been generally established that extrusion of the metal from metallacycles resulté
in C-C bond cleavage.

The Lewis acid mééhanism involves electrophilic attack by the metal to form an
intermediate metallacarbonium ion. Support for this mechanism comes from the trapping
of intermediates with rﬁethanol in Ag(l) catalyzed reactions with quadricyclanes (Eq. 5)

and observation of carbonium ion type rearrangement products for Ag(l) catalyzed reac-

Ag(l) R \
CH3OH ﬁao\hg )

R=H or COOCH,




Rh(l) )

2__ | Agl)

homocubane

i

ii Rh4(CO)Cl, N m

__RhTC=0
I
A ‘_ Rhz(CQ)4Clz N

) N C=0

/
o

C=0
| | R
m mcouc o /NN

: C=0
(F'm._
: T \
Rhy(CO),4Cl, )
DO 5, C /I

Figure 3. Known rhodium carbonyl insertion products from the reaction of Rh, (CO), Cl,
with small strained carbocycles. . :

4
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One of the major types of investigations of the mechanisms of chemical reactions has
been the kinetic investigation. Kinetics alone are rarely able to determine a detailed mecha-
nism but reaction mechanisms are rarely considered to be understood without a detailed
kinetic analysis. Transition metal interactions with strained carbocycles are no exception
and indeed most of the mechanistic investigations reported in this area rely, at least to
some extent, on kinetics. It is perhaps not surprising for a relatively new area such as
organometallics that, whereag many kinetic surveys have been done, very few detailed
kinetic analyses have been reported. The remainder of this introduction will be devoted to
a survey of some selected studies of metal catalyzed reactions of quadricyclanes that
include kinetic investigations.

' Since Volger® first reported on the metal catalyzed isomerization of quadr1cyclane in
1967, quadncyclanes have been the subject of a number of investigations. In 1970, Hal-
pern!? reported on the [(NBD)RhCl1], (5) catalyzed isomerization of Q (Eq. 9). He re-
ported that Q was quantitatively converted to NBD in CDCl; and CCl,. The kinefics obe.yed
the rate law -d[ Q] /dt = k[5] [Q] with k=2.2 and 1.8 M~!s"! 'in CDCl; and CCL, , Tespec-
tively, at 40°C. He observed that the rate was unaffected by the addition of an exces.s of
NBD and concluded that the reversible displacement of the NiBD ligand from the catalyst
by Q was not a feature of the mechanism. Halpern proposed that the mechanism of this
reaction involved a rate determining oxidative-addition step on the basis of the isolation of
the rhodium carbonyl insertion product 10 (Eq. 3), which was repprted in the same paﬁer,
and by analogy to the Rh(I) catalyzed isomerization of cubane in which an oxidative—
addition step was strongly implicated!’. This was a very limited kinetic study and no

experimental details were given.

(NBD RH CL) ' '
=T . ©)

QUADRICYCLANE NORBORNADIENE
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In 1973, Hogeveen?® reported on the isomerization of a series of substituted quadri-
cyclanes catalyzed by 5 (Fig. 4). He observed that all of these quadricyclanes were quanti-
tatively converted to the corresponding NBD and suggested that the second order rate con-
stants reported were composite rate constants which were the product of a pre-equilibrium
and a rate determining step constant. Examination of the resulting rate constants suggested
that substitution at the 7 position had littlé effect on the rate of reaction but that substi-
tution at carbons 2 and 3 (or 5 and 6) which undergo C-C bond cleavage strongly affect
the rates. For —-COOCH; at positions 2 and 3, the rate is reduced be a factor of 5000. -
Again, this was a very limited kinetic study for which no experimental data was provided.
Indeed, it is not obvious that the authors actually determined the réaction orders as no
rate law was reported and note 9 cites the rate law determined by Halpernl 3 for Q in refer-

ence to their reported rate constants.

E E E
E E E
Q 12 13 14
102k,M-15~1 55 0.6 ' 0.4 0.6
Temp. °C -26 45 38 60

Figure 4. Rate constants reported by Hogeveen?’ for the isomerization of the indicated
quadricyclane catalyzed by 5 in CDCl,. Each gave the corresponding NBD.
In 1974, Hogeveen again reported on the quadricyclane system concentrating on 12
and a comparison of Rh(I), Pd(Il) and Ag(l) catalysts? . Each of these catalysts gave only

the norbornadiene 16 in aprotic solvents but in methanol, AgClO, gave the isomeric mix-

ture 15 (Eq. 10).
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Noyoril 8 reported oﬁ the bis(acrylonitrile) Ni(0) catalyzed isomerization of Q to
NBD in 1975. Ni(Q) is unique in that it catalyzés the [20 + 271 cycload(iition of Q and
acrylonitrile in addition to the isomerization to NBD (Eq. 4). The kinetics of this reaction
were complicated by a reversible complexation of the product, NBD, with fthe Ni(0) cata-
lyst resulting in product inhibition. ‘

In 1976, Wilson and Rinker?” reported on the isomerization of Q to NBD by cobalt
) tetraphenylpor[;hyrin (CoTPP). The kinetics in this paper appear to be excellent. Temp?ra—
ture and solvent dependence for.this reactionl are shown in Table 3.‘The reaction was
shown to be first order in Q in each solvent and first order in CoTPP in chloroform and
carbon tetrachloride but, interestingly, second order in CoTPP in l-chloronapthalene.
However, no explanation was offered for the obseryed second order depéndence of CoTPP
or for the significant changes in activation parémetefs, AH¥ and ASi, observed on chang-
ing the solvent from CCl, to CHCl; to 1-chloronapthalene. The increase in AH¥ by alnfxos‘c
4 times and the concomitant decrease in AS¥ by half on changing the solvent from CCl; to
CHCl, indicate that the traﬁsition state and, therefore, the mechanism is changing with the

solvent. The change in the form of the rate law in I-chloronapthalene indicates that the

reaction scheme, if not the mechanism, has changed in this solvent, as well.

Table 3. Thermal Parameters for CoTPP Catalyzed Isomerization of Q by Wilson and

Rinker?”’,
AH¥ x 1073 AS*
Solvent ko cal mol™ cal mol™* K-t

Carbon tetrachloride 26 03 x10® 1.73+0.18 ~42.8+20
M1 st )

Chloroform 1.75 £ 0.25 X 108 64312 -2.09+ 3.0
: - M s ‘ .

1-Chloronapthalene 348+ 0.15x 108 1.61x0.15 A -19.0£ 1.0

M2 !
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activation parameters were reported as AH* =21 & 5 kcal mole™* and AS¥ =45 i 18 eu.
The large uncertainties given were att;'ibuted to “experimental difficulties.”

In 1970, Halpern!? reported rate constants for the same reaction in CCl; and CDCl,
(40°C) of 1.8 and 2.2 M™*sec™!, respectively. He also reported that the rate was unaffected
by the initial concentration of the product, NED. This was particularly interesting because
Volger24 had previously reported that 5 was cleaved to a monomerié Rh complex by NBD
in CDCl; -CD, Cl, solutions.

Although neither of these reports contained experimental sections, it appeared :that
' this reaction obeyed simple, straightforward pseudo first order kinetics and had known
rate constants. In addition, the substrate and catalyst were easily available. On this basis,
coupled with an interest in the mechanisms of metal catalyzed rearrangements of strained
. ring systems, this reaction was chosen to be used as a test system on which to learn to do
kinetics. by NMR spectroscopy. Preliminary investigations of this system showed that; this
was not a simple strafghtforward system,' as previously indicated, but that fhere were sig-
nificant solvent effects on the rate constant, that there were at least two active catalysts or
catal};tic precursors in solution and that substrate inhibition was operative.

In view of the surprising results of our preliminary investigations and the general lack
of detailed kinetic studies of theée systems, it was concluded that a detailed kinetic aﬁaly-
sis of the [(NBD)RhCI], catalyzed valence isomerization of quadricyclane would be a
timely contribution to the basic understanding of these types of systems. The analysis was

performed and this section of tﬁis thesis is devoted to the results of that study.

RESULTS

Product Analysis

Product analyses of the [(NBD),RhCl], catalyzed isomerization of Q were per-

formed at 37°C by NMR spectroscopy in CDCl;, CD, Cl, and CCl,. It was determined
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that two products resulted.from this. reaction rather than the previously reported quanti-
tative conversion fo NBD?# (Eq. 13). Along with the expected prodl\lct, NBD, 3-7% of the
known hydrocarbon dimer’® HCD was observed and identified by its 'H NMR spectrum
(Fig. 7). In CDCl; and CD,Cl,, HCD comprised 7.0 and 6.7% of the product mixt:ures,‘

respectively. In CCl, , HCD comprised 3.5% of the products.

(NBD RH CL),
Ly,

CDCLz,37°C
Q ' NBD HCD a3
93% 7%

Two other observations in CDCl; and CCl, were made. Ffrst, the product distribu-
tions were éonstant at various Q:5 ratios over-the range 80:1 to 400: 1, the significance of
which will be discussed below. Second, the product distribution was constant throughout
the course of the reaction (Table 4). This implies that the products are arising from a com-
mon intermediate via parallel reaction pathways. Any me.chanistic scheme proposed for

.this reaction will have to account for these observations.

Solvent Effects on the Rate Constant

Rate constants for the Rh(l) cafalyzed -valence isomerization of Q (Eq. 13) wefe
measured at 37°C in a variety of solvents by NMR spectroscopy. The solvents are divided
into two general classes, non-polar and polar, and the result for eéch solvent is tabulated in
Table 5. Errors for repor-ted rate constants are within £5% unless otherwise indicated.

In the non-polar solvents, CCl,, benzene and chlorobenzene, tﬁe reaction obeyed
psuedo first order kinetics and was well behaved. Plots of In(I-l.,) vs time were linear over
7 half lives (Fig. 8). [Q], was varied 28 fold from 0.10-2.80 M and the [5], was varied |
8 fold from 0.5-4.0 X 10 M in CCl, and measured over the temperature range, —2:0 té

. 50°C. The reaction was found to be first order in both substrate and catalyst and to obey




0%#& I7 3 *&N#%+ (. GHC 2 'B7



Table 4. Product Distribﬁtions for 5 Catalyzed Isomerization of Q During the Reaction.

Time,sec  [QI%, mM [HCD]®,mol%  Time,min [QI1%M [HCD]®, mol% Time,min [QI° M [HCD], mol %

0 100.0 —_ -0 0.40 R 0 0.40 _ |
16 - 85.2 8.4 1.5 0.238 5.24 2.0 0.286 530 |
46 - 51.3 5.36 . 3.5 0.175 6.14 2.5 - . 0.268 4,35

76 30.5 5.64 . 5.5 ©0.152 6.13 3.0 0.250 5.16
106 17.9 6.05 7.5 0.141 , 6.41 4.0 0.206 - 4.21
136 11.4 7.20 9.5 0.135 . 6.55 5.0 0.172 4.21
166 6.67 6.26 17 0.110 8.19 6.5 0.130 5.01
196 4.11 7.00 : 19 0.092 7.23 7.5 0.109 4.65
. 226 3.41 6.59 - 21 0.081 7.04 9.0 . 0.089 5.25
256 2.26 6.32 23 0.070 6.87 '10.0 0.076 4.87 v
600 0.0 6.87 25 0.062 6.97 11.5 0.060 5.32
1 hour 0.0 6.7 27 . 0.055 ’ 6.83 14.0 0.042 4.67
45 0.0 7.04 16.5 0.034 - 4.68
-2 hours 0.0 7.0 1 day 0.0 - 3.5

aAt37°C, in CDCls, [Rhl, = 1.0 mM. .
bBased on [NBD] + [HCD] -~ [NBD],.
CAt37°C, in CCL, [5], = 1.0 mM.
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Table 5. Rate Constants for the [(NBD)RhCl], Catalyzed [somerization of Quadricyclane
in Various Solvents at 37°C.

_ Solvent k, Mt g7t
ccl, ; 2.9
Benzene : 3.3
Chlorobenzene? 3.6
CDCl, - 26
CD,Cl, 232
Cbh,0D . > 500

Pyridine-ds : 0

a~q0
b%?liéc &ata by A. Hefenieder, NSF undergraduate research participant.

‘the rate law, d[NBD]/dt.= k[Ql[5], over the range of conditic;ns investigated. The second-
order rate constants detenﬁined ranged from 2.9 M~'s! in CCl, to 3.6 Mgt iﬁ chloro-
benzene. The activation parameters in CCl, were.determined and will be discussed later.

In more polar solvents, like CDCl;, CD,Cl,, and CD;0OD, the raté constants
for the reaction were increased dramatically to 26, 23 (30°C) and > 500 M™'s!, respec-
tively. These rates also obeyed pseudo first order kinetics aﬁd gave linear plots of ln(I-I_,x,)
versus time over 5-6 half lives, in general (Fig. 8).

However,- at intermediate [Q],:[5]0, the plots show some biphasic character. The
reason for this has not been ascertained and may be due to an experimental difficulty
rather than to a true change in the reaction kinetics. Wherever this feature was observed,
the rate for the reaction was determined from the initial portion of the plot. Pyridine
completely inhibited the isomerization. :

Rates were measured in several two solvent systems, as well. In these systems, éCl4
was the major solvent with small amounts of a rﬁore polar solvent added. The solvents
investigated included CDCl,, CH,CN, DMF, CH,OH, CH,COOH, and CH, CICOOH. Rates
in these solvent system_s obeyed pseudo first order kinetics and gave linear first order plots.

over at least 4 half lives. Secorid order rate constants are plotted versus the concentration
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of the added Polar solvent in Figure 9. The effectiveness of added solvents to increase the
reaction rate follows the order: CH,CICOOH » CH;COOH > CH;0H > DMF » CH,CN -
> CDCl; . |
Rate enhancements in polar solvents appear to be a general phenomenon. Of these
solvents, CDCl; was chosen for detailed analysis. For the remainder of this chapter; the

solvent referred to will be CDCIl, unless otherwise noted.

Substrate Inhibition in Polar Solvents

Rates were measured in CDCl; over the substrate concentration range, [Q], = 0.04-
0.60 M; the catalyst concentration range, [5], = 0.43-2.5 X 10~ M: and over the tem1:9era-
ture range, T = -23 to +37°C. A plot of the second order rate constant versus the irﬁtial
substrate concentration at 37°C and [5], = 1.0 X 10~ M shows that the rate constant is
dependent on the.[Q]0 and decreases as [Q], is increased (Fig. 10). The rate constant for
CDCl, reported‘in Table 5 is the ultimate rate constant determined by extrapolatio:n to
infinite dilution of Q. At [Ql, > 0.4 M the rate constant leveled out at 4.3 M~1gsec™!.

This dependence on [Q], is interpreted a'§ substrate inhibition and is supported by
the standard Lineweaver-Burke plot of (velocity)™ versus [substrate]yl for enzyme
kinetics’! in Figure 11. The leveling out of the rate constant at high [Q],:[5], (Fig. 10)
is interpreted as meaning that the active catalyst in solution is converted to a lower activity
catalyst. Therefore, thére are at least twc; active catalysts or catalytic precursors in soluﬂon
inCDCly.

It is true that while the dependence of the rate constant on the [Q], indicates sub-'
strate inhibition, this effect would be kinetically indistinguishable from the effect of a
small impurity in the substrate that acted as a poison to‘the catalyst. In this case; the
poison concentration would vary proportionately with-the substrate concentrationzand

would, therefore, demonstrate the same type of effect as substrate inhibition.
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To test this h'ypothesis, rates were measured with cr’udve preparations of quadricyclane
and compared to rates for quadricyclane purified by: distillatipn on a 50 cm spinning band
column; preparative gas chromatography; liquid éhromatography on neutral, acidic and
basic alumina, and silica gel; and treatment with LiAlH, or KMnO,. In addition, quadri-
cyclane prepared in this laboratory by the methods of Smith’? and Mannasen?! were com-
" pared to quadricyclane purchased from Aldrich. In each case, the rate constants deter-

mined were indistinguishable between relatively crude and highly purified quadricyclane
within the limits of experimental error. |
The following substances wefe added to the reaction mixture to test as potential
poisons that might possibly ‘surviv'g'a the purification methods listed above: 90% technical
grade cycloheptatriene, benzene, toluene, NBD, HCb and a crude product mixture. No
effect on the rate constant was observed for any of these substances at 37°C. In view of
the improbability of the concentration of an impurity in the quadricyclane remaining c;)n-
stant throughout the range of the methods of purification applied and the insensitivity. of
the reaction to the substances tested as poisons, it is concluded ‘;hat the observed depén-
deﬁce of the rate constant on the [Q], is due to substrate inhibition rather.than to an
impurity in the .substrate.
Barnett’® reported that for (Ph,P); RhCl or (Ph;P), Rh(CO)CI, catalyzed ring open-
ing of bicyclié cyclopropanés, tl;e catalyst was poisoned by the HCl impurity in commercial
" CDCl;. This is not the case for 5, in which casé, rates were observed to increase after addi—
tion of 1 ul HCI to the catalyst .solution in CDCl; rather than to decrease. Barnett, also,
showed that when O, was preseﬁt the rates Were' 7 times faster than when 0O, was
excluded. To test this effect for 5, rates were measured for solutions with and without O,
present. The ﬁeasured rates were identical within experimental error. Thus, {(NBD)RNC1],

is not pdisoned by small amounts of acid nor is it dependent on O, for activation.
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The generality of sub;trate_inhibition in polar solvents was tested in CD, Cl, , MeOH
‘and CH,;COOH. Figure 12 is a plot.o'f the second order rate constant versus the [QL, at
30°C in CD,Cl,. The {5]; was 1.0 X 107 M. The.rate constant in CD,Cl, displays the
same type of dependence on the substrate concentration as in CDCl;. The ulfirnate ra.te
constant is 23 M 1sec’? by extrapolation to infinite dilution of substrate. Thus, the iso-
merization is slightly faster in CD,Cl, than it is in CDCl; when th‘e.temperatu.re differ-
ence is taken into.account. It appears that the rate constant will level out at a slightly higher
value as well. |

Substrate inhibition in MeOH and CH; COOH is demonstrated by the mixed solve.nt '
results whlch are shown m Figure 9. When the [Q], was doubled from 0.10 to 0 20 M at
1.48 M MeOH and 0.70 M CH;COOH the rate constants fell from 11.9 to 5.5 M!s! and
1.5.0 to 13.7 M~ts!, respectively. The inhibition process is so efficient in MeOH that the
ultimate rate in methanol-d, cduld not be determined by the methods utilized. The higﬁgst
rate constant measured was 512 M;1 s™! but the ultimate rate is probably much greafer.
The difficulty was that the inhibition process dominates the isomerization process at such
low [Qlo:[5], ratios that, with rate constants greater than SOO, the reaction is either
almoét over by the time the first point can be taken or it is c<')mp1ete1y inhibited. The
inhibited rate constant in MeOH is 0.5 M~?s’'. The curvature in the plots for addition of
CH,COOH and MeOH to CCl, in the two solvent systems (Fig. 9) is attributed to the in:hi-
bition process becoming more effective than the isomerization proéess as the concentration
of the polar solvent is increase& at tile [Qlo:[5], used.

Substrate inhibition was observed in- CDCl; at low temperature and appeared to
become more efficient relative to the isomerization process. At -0.4°C the rate constgnt

leveled off at ~0.20 M [Q], (Fig. 13) rather than at ~0.35 M [Q], at 37°C.
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Substrate Inhibition with 7-tert-butoxyquadricyclane

The 7-substituted quadricyclane, 22, was prepared to check the generality of sub-
strate inhibition in quadricyclanes substituted at remote sites and to further eliminate the
possjbﬂity of the inhibition being due to an impurity in the substrate. A poison that would
have the same rétention time as Q in the gas chromatograph, for instance, would elute
much sooner than 22 due to the difference in Boiling point'. | _

Rates were measured for the 5 catalyzed isomerization of 22 to 23 at 37°C in CDCl,4
(Eq. 14). This reaction obeyed pseudo first ofdér kinetics with plots of In(I-L,) versus time
being linear over 7 half lives, A plot of the second order rate constant versus the initial sub-.
strate concentration revealed that the rate constant exhibits the same type of dependence
on [22], as was observed for Q (Fig. 14). The ultimate rate constant for this reaction was
29 M'sec™! which is slightly greater than for Q.

tBuO- ' tBuO

(NBD RH L)y (14)

e —
CDCLs

- 22 23

Activation Parameters For the Isomerization of Q in CCl, and CDCl,

Activation parameters were determined for the valence isomerization of Q catalyzed
by 5 in CCl, and CDCl; (Table 6). The activation parameters were calculated from the
Eyring or activated complex theory®# relation in Equation 15 with the transmission coef-

ficient K taken as unity.

il 15
Nh R P 7 RT (13)

The activation parameters for the reaction in CCl, were_AH:C =6.0 £ 0.6 kcal mol™?
and AS¥ = -37.0 + 3.7 kcal mol! K~ based on rates measured at four temperatures from

37 to -20°C. Activation parameters were determined in CDCl; for [Q], =0.12 M and
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[S]1y = 1.0 X 10 M based on rates at fopr temperatures from 37 to-23°C. AH*.wa;
13.0 + 1 kcal mol™! and AS¥ was -12.1 + 1 cal mol"! K-!. Activation parameters were
also determined in CDCl; for [Qlo =0.40 M and [5], = 1.0X 10 M based on rates at 37

and -0.4°C and found to be AH¥ = 4.7 + 1 kcal mol™* and AST =-41 + 8 cal mol"! K-!.

Table 6. Activation Parameters For the Rh(I) Catalyzed Isomerization of Quadricyclane.

Solvent T, °K k, Mt sec™ AH* Ckcal mol? AS*, cal mol™! K-!

cCl - 310 2.9 6.0 0.6 -37.0% 3.7
285 1.1 .
273 0.80
252.5 0.26 _

CDCl, 2 310 16.3 13.0+ 1 ~12.1% 1
296 5.7
272.6 1.4
250 0.073 ‘

CDCl, ® 310 4.3 4.7+ 1 41 +8 .
272.6 052 . -

a41Ql, =0.120M, [5], =1.0X 102 M.
b[Q], =0.40 M, [5], = 1.0X 107 M.
€ Correlations for plots of In k vs T™! were > .99.

Effect of the Product, NBD, on [(NBD)RHCI]Z

Volger?4 showed that the rhodium dimer, 5, was cleaved by NBD to a monomeric
rhodium complex, 24, in CD,Cl, -CDCl; (Eq. 1'6). Subsequently, Halpern!? reported that

[(NBD)RhCI], + 2NBD = 2(NBD), RhCl S e)
5 24

the reaction (Eq. 9) was not affected by the product, NBD, in agreement with our results
above. Extrapolation of Volger’s equilibrium data to 40°C revealed that the equilibrium
constant for the rhodium dimer-monomer interchange was K 40°C = 0.1M. |

The results reported in this section show that new équilibrium constants are war-

ranted on the basis of revised NMR assignments for the rhodium monomer 24. The new
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equilibrium constants will be used to explain the lack of effect of the product on the réac-
tion at 37°C and an enhanced rate constant at 1°C. Some of the results of this section have
been published previously?? .
The characteristics of the rhodium complex were determined in CCl,, CDCl,, and
benzene-dg . Vapor phase osmometry (VPO) and NMR spectrosdopy studies showed that 5§ .

retained its dimeric structure in each solvent over the température range from the freezing

“point of the solvent to 25°C in the absence of NBD (Figs. 15(a), 16(a), and 17(a)). On

addition of NBD, line broadening wés observed in each solvent suggesting an exchange
equilibrium between NBD and 5 (Figs. 15(b),. 16(b) and 17(b)). For CCl, and benzene,
NBD exchange was confirmed by NMR saturation-transfer experimeﬁts and shown to be in
the slow exchange rate region at 25°C (Figs. 15(c) and 16(c)). In CDCl;, the NMR.sbec-
trum was unresolved indicating that the exchange was in the intermediate exchange rate
region at 25°C (Fig. 17(b)). Resolution-of the spectrum at -55°C showed the presence of
NBD, § and 24 (Fig. 17(c)).

The monomeric rhodium complex, 24a, proposed by the earlier work??, is shown in
Figure 18. Protons Ha and Ha' Were thought» to resonate at one frequency, 4.35 or 3‘.82
ppm, and protons Hb and Hb' were thought to resonate at the other frequency. The
resulting spectrum would have integrals in the ratio 3:3:2. Integration of our resolved
spéctrum yielded ratios of 2:1:1 for both the free NBD resonances (*) and the monomeric
rhodium complex resonances (i) (Fig. 17(c)). This suggests that the olefinic,. bridgehead and
bridge prot01.15' of NBD bound in 24 are responsible for the resonances at 4.35, 3.82 émd
1.17, respectively. These assignments were confirmed by NMR saturation transfer exp.eri.-
ments (Fig. 19). Freezing poiﬁt studies in CDCl; showed that 24 was, by far, the major

rhodium containing species in the solution at--55°C.
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Table 7. Equilibrium Data for the 4:1 Mixture of NBD and [(NBD)RKCl], in CDCl;.2
T,°K 206.6 211.3 216.0 220.6 225.3 230.0 234.6

Keq’ M™! 1.39 0.73 0.44 0.11 0.072 0.034 0.016

aTemperatures were determined using methanol. AH® =-15.8 kcal.

pseudo first order plots were linear and gave an observed rate constant of 1.02 X 107 s,
In the reaction with twol equiiralents of NBD added, the plots were also linear and gave an
observed rate constant of 2.3 X 1072 s™1. The observed rate constant was about 2.25 times
greater with added NBD th‘an without NBD added. The equilibrium concentrations of §
and 24 at 0°C are 8.97 X 10™ and 1.Q3 X 107 M, respectively, with two equivalents of
NBD added. The indiv.idual rate constants for 5 an(i 24, k; and k,,, were calcu'lafed
assuming that k,, does not contribute to the observed rate significantly when no NBD is
added to the reaction mixture. This assumption is valid given that the pseudo first order
plots are linear. The individual rate constant ks is, then, equal to the observed rate con-
stant with no NBD added divided by the concenfration of 5§ or kg = 1.02 M™tsec™?. The
individual rate constaﬁt for 24 is calculated from the relation given in Equation 17 for the
reactic;n with two equivalents of NBD added. Plugging in the appropﬁate values and solving

Kopsd = Ks [51 + ks [24] (17)
for k,, yields a rate constant for 24 of 13.5 M-!sec?, approximately 13 times greéter
than for 5. Thus, in. CDCl,, it is apparent that there is another active catalyst or cataly‘ti.c
brecu'rsor stemming from 24 at low temperatures that is shown to be a more effic.ient

catalyst for the valence isomerization of quadricyclane than 5.

Table 8. Rate Data for Re?'actions in CDCl, at 0°C With-and Without NBD added.?
[Qlo. M [NBDIo.M - [51o,M  [24]10 M Kgpes™ ke M7 s kyy M7 8™

0140 0 Ix10® 0 - 1.02x107%°  .1.02 . -
0.140 0280 897x10™% 1.03x10* 2.3 X107 1.02 13.5

aResolved rate constants were calculated assuming kg = ke [5] +k,4[24].
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This is not the case in CCl, or benzene. The equilibrium shown in EQuation.16 is not
observed over temperatures ranging from the freezing point of the solvent to 25°C. NBD
exchanges with bound NBD in 5§ which results in line broadening of the existing resonances
only. To explore the possibility of this equilibrium being present at lower temperatures in
non-polar solvents, a 4:1 molar ratio of NBD:5 in toluene-ds was observed by NMR spec-
troscopy down to. -90°C. In this experiment, the NBD exchange was again verified By
NMR saturation transfer experiments but no evidence for 24 was gained at any tempera-
ture. The spectra were const‘ant except that the linewidths narrowed.at lower temperatures.

Two question.s remain regarding the NBD exchange equilibrium with 5§ and 24. Does
this exchange go by an associative or dissociative mechanism, and does NBD exchaﬁge
directly with 24 as well as with 57 The former question will be addressed later. The lati:er ,
question was answered by utilization of the two dimensional Fourier transform NMR'
chemical exchange mapping technique (2DNOE).

The 2DNOE experiment produces a-series of spectra whiéh are related in two dimen-
sions. When a stacked plot of these spectfa is made it results in a map in which tﬁe normal
one dimensional spectrum is contained in the horizontal spectrum atlFl = 0 Hz (Fig. 26).
The off F, = 0 Hz peaks are called cross peaks and they are a result of magnetiz‘ation trahs-
fer by chemical exchange of protons from one environment to another. The cross peaks,
therefore, correlate the resonances on F;, = 0 Hz that are attributable to protons tﬁat are
chemically exchanging between two diff_erent chemical environments. These correlations
allow the chemical exchange processes to be mapped. In Figure 20, the cross peaks labeied
A-B and B-A indicate that peaks A and B are due to protons that are chemically exchang- -
ing between two different chemical ehvironments. Peak A at 6.75 8 is due to the olefihic
protons on uncomplexed NBD and peak B at 4.35 § is due to the olefinic protons of NBD
bound to Rh in 24. This correlation shows that uncomplexed NBD is exchanging directly

with bound NBD in 24.
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capture products formed at all. Therefore, no available carbonium ion intermediates are
formed in the Rh(I) catalyzed valence isomerizations of quadricyclane reported herein and

ths Lewis acid mechanism is found unlikely to be responsible for the catalysis.

Test of H* Accelerator Hypothesis

Consideration of the dramatic rate‘ enhancements observed for MeOH, CH; COOH
and CH,CICOOH in the mixed solvent experiments (Fig. 19) led to the hypothesis that
small amounts of H*, either from the solvent or formed in the reaction, might be inter-
acting directly with the catalyst and be respons1ble for the observed solvent effects rather
than a change in the bulk solvent parameters. Expen'ments based on the addition of soluble
organic bases to the reaction mixture in CDCl; were designed and 'oa.rried out to test this
hypothesis. |

A suitable base would have to meet the following criteria: (1) be soluble in CDCIs .
(2) be easily protonated by weak acid in CDCly, i.e., CH, COOH; (3) not affect the catalyst
directly; and (4) not obscure the 'H NMR resonances of the NBD vinyl protons. Pyridine,

triethylamine (Et;N) and tribenzylamine (TBA) were tested against these criteria. Pyridine

-was found unsuitable because it complexed strongly with 5 to the extent that a 5:1 mol

ratio of pyndme 5 stopped the NBD exchange equilibrium with § (Eq. 18) Pyridine by
itself was also not protonated by CH3COQH in CDCl;. Et;N, on the other hand com-
plexed with 5 in a labile fashion that did not inhibit the NBD exchange equilibrium. Et;N
was protonated by CfHa COOH in CDCl, and the protonated Et;N did not complex with 5. .
Rates meeisured in CDCl; with adoed Et,N, however, showed that the unprotonated base '
acted as a competitive inhibitor of the reaction (Fig. 21). TBA proved to be solublée in
CDCl,, was easily protonated by CH; COOH, did not affect the catalyst in an observable'
manner and did not obscure the product’s proton spectrum. TBA was, therefore, the base

found suitable to test the H* accelerator hypothesis.
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Rates measured for solutions of 0.10 M TBA, 0.10 M Q and 1.0 X 107 M 5 in CDCl,
were compared to control solutions of the same composition minus the TBA. Second order
rate constants for the two solutions were 12.0 and 12.8 M~ s, respectively. Thus, the
reactlon was shown not to be affected by the addition of TBA which was present in 100
fold excess over 5. Therefore, the solvent effects on the rate-constant observed in CDCI3
are not attributable to acid from the solvent or acid produced by the reaction.

It would be well to note here that there were no observed effects on 5 in CDCI3 by

the addition of a 100 or 200 fold excess of acetic acid, as determined by NMR spectros- .

copy. This supports the idea that the effects on the rate constants observed for methanol

and acetic acid, at least, are not due to H* effects on §. This inference must be tempered -

by the fact that the actual catalyst in solution is not known and may be affected differ-

ently than 5§ which may be a catalytic precursor rather than the true catalyst.

Support for the “Cheleotropic’” Mechanism: Observation ofa

New Rhodium Dicarbonyl Insertion Product

One of the key pieces of data supporting the “cheleotropic”” mechanism for Rh inter-
action with cyclopropanes is the isolation of Rh carbonyl insertion products from
Rh, (CO),Cl, (8). Rh carbonyl insertion products have been observed for moleculesisuch
as quadricyclanel 3 and cubane!® which contain only cis-disubstituted C-C bonds in 'the ring
and for cyclopropane which has only unsubstituted bonds. Halpern h;s repc;rtedl 6 on a‘bi-

and a tricyclobutane system which contain both cis-disubstituted and unsubstituted cyclo-

butane C-C bonds. In each case, only the cis-disubstituted bond was broken. The reaction ‘

of 8 with exo,exo-tetracyclo [3.3.1.0.2540%8 | nonane (27), which contains both cis-disub-
_stituted cyclopropyl bonds as well as monosubstituted cyclopropyl bonds, was investigated.
Reaction of an excess of 27 with 8 in CDCl, at room temperature for 3 hours fol-

lowed by concentration and preéipitation with pentane yielded a ‘white powder presuma-
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3 CH; resonances which requires insertion into one of the side bonds of the cyclopropyl ri:ngs
as oppoéed to attack of one of the cis-disubstituted cyclopropyl bonds .from underneath.
This new Rh carbonyl insertion product is the first example of the insertion by Rh
into the least substituted cyclopropyl bond when a cis-disubstituted cYclépropyl bond was

available.-

A Computer Simulated Kinetic Model

A reaction sequence Was proposed which incorporated the major features of the
experimentally observed kinetics in CDCl; at 37°C. These feafures include substrate inhi-
bition and.production of products from a common intermediate via paréllei reaction éaths.
This scheme was then modeled by computer utilizing the HAVCHM program for integra-
tion of multistep rate equations written by Stabler and Chesick’”. HAVCHM requires; the
input of each reaction step and its associated rate constant. HAVCHM then calculates and
outputs the concentrations of each reactant, intermediate and product at requested tixpe
intervals. This output was treated identically to our eéxperimental kinetic data. The result-
ing plots and rate constants were evaluated and compared to the experimental results. By
an iterative process, the computer simulated kiﬁctic ,model was refined to producej the
reaction list in Table 9. The rhodium colmplexes are indic'ated by:labels RH1 through RHS.

The values of the rate-constants for each step are listed to the right.

Table 9. Reaction List For the Kinetic Simulation Program HAVCHM.

1 RH1 +Q ﬁ_} RH2 k, =24.0

2 RH2+Q ___l_(,z_'> RH3 k, =24.0

3 RH3 - 0.93k; RH2 + NBD k; =41.0 Parallel

4 RH3 0.07k; RH1 + HCD Reactions

5 RH3+Q __ki,, RH4 . ks =50 Inhibition step
6 RH4 + Q _ﬁ> RHS5 ks =5.0

7 RH5+Q 9_9_3_l§£, RHS + NBD ke =4.75 Parallel

8 RH5+Q 0.07k, RH4 + HCD : Reactions
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Perhaps surprisi_ngly, the prqposed. reaction sequence with the associated rate c;on—
stants gives linear pseudo first order plots over 6 half lives at all Q:5 ratios except at a nar-
row range of intermediate ratios where a slight biphasic character is observed which cor-
responds to the ratios at which a slight biphasic character was observed ex'perimentall}-/. A
plot of the computer simulated rate constants versus the substrate concentrations inputed
is compa;red to the experimental resu1t§ for identical conditions in Figure 23. Agreement

between the model and the observed results is excellent.

The Search for the Low Activity Rhodium Cbmplex

Several attempts have been made to isolate and/or characterize the low activity rhod-
ium complex believed to .be responsible for the isomerization of quadricyclane at high
[Q],:[5], ratios in the polar solvents. As of this writing, the low activity Rh corhijlex
has not been identified.

Attempts to observe intermediate rhodium complexes by NMR spectroscopy were

complicated by two factors. First, the facile exchange of NBD with the known thodium

complexes serves to broaden the spectrurh of these complexes. Second, the high substrate .

to rhodium ratios required for production of the proposed low activity rhodium comblex

- introduce dynamic range limitations which render the concentration of any rhodium com-

plex too small to be seen with the available methods. Experiments were run in which the
reaction mixture was made up at -60°C and contained an adequate amount of 5 to be easily
seen by NMR spectroscopy. The reaction solution was placed in the probe of the WM250

spectrometer and slawly warmed while- the reaction progress was monitored. Qu adriéydlane

was observed to go directly to products and no intermediates were observed at any tem--

perature.
Attempts to isolate the low activity thodium complex were partially successful. Large

scale reactions were run in which 50 mg of 5§ was reacted with an excess of Q in CDCl,
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under condftions that produce the low activity complex. The volatiles were removed by
flash distillation and the rhodium products recovered. The recovered rhodium products
demonstrated low catalytic activity toward quadricyclane isomerization but were not
identified. The NMR spectrum of the.rhodium products wés broadened at room témpe:ra-
ture (_Fig. 24) and unresolved upon cooling to —§5°C_in CDCl; or -95°C in CD,Cl,. Tilis
spectrum contains resonances from. 5.5 to 6.5‘8,' indicative of olefins bound to Rh(III)?8
The starting complex 5 is either buried, broadened or absent from this spectrum.

Although these results support the idea that the initial thodium complex, 5, is con-
verted to another Rh complex or complexés durix.lg the isomerization reaction,-the' struc-
ture of thalt complex remains in doubt. |

Attempts to isolate rhodium intermediates from the reaction in CCl, in a fashion sim-
ilar to that re;;orted-above for CDCl; yielded only 5 (Fig. 24) and some unidentified insoiu—

ble material. The implications of these results will be considered in the discussion section.

DISCUSSION

Introduction

The foregoing results clearly show that the valence isomerization of quadricyclane
catalyzed by [(NBD)RhCI], is a reaction of unusual complexity rather than the simple,
straightforward reaction previously indicated. This reaction is well behaved in non-polar
solvents. It obeys pseudo first order kinetics and adheres to the rate law, d[NBD]/d‘i =
k[Q1[51,, with rate constants on the order of 3 M~!s™! at 37°C (Table 5). In polar sol-

" vents, however, the situation is quite different.

The rate constant shows unusual dependence on the solvent. Substr.a‘te inhibition but
no product inhibition was generally observed in polér solvents, R’ate enh.ancement depen-
dent upon the product concentrgtion at low temperatures and contri‘butions from at least

3 catalysts or catalytic precursors were.observed in CDCl;. The product, NBD, was ob-
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served to cleave the dimeric rhodium complex 5 to the monomeric rhodjum complex 24
in the polar solvents but not in the non-polar solvents investigated. Finally, the observation
of two products from this reaction with essentially constant ratios throughoht thecourse
of the reaction in both polar and non-polar solvents indicates that there are two effective
parallel pathways proceeding frorn a common intermediate. These observations will be dis-

cussed in this section of the thesis.

Solvent Effects on the Rate Constant

While pseudo. first order kinetics are observed for this reaction in polar solvents,
unusual solvent effects are observed. Rate constants ranging from 26 to > 500 M~!s! at
37°C have been observed (Table 5). Rate enhancements for a series of polar solvents (F1g
9) follow the order:

CH, CICOOH » CH;COOH > MeOH > DMF » 'CHgCN > CDCl,.
The reason for this particnlar solvent order and magnitude of effect is not obvious. The ob-
~ served rate enhancements do not correlate well with any single solvent parameter. A blot
of rate constant versus Kosower Z values’® gives a correlation coefficient of 0.75 for six
solvents (Fig. 25). Similar plots for dielectric constant and for‘ d;ipole momen-t gave:-poorer
correlation coefficients of 0.66 and 0.61, respectively (Fig. 26). It is not surprising that no
simple correlation exists between the rate constant for 1somerxzatlon and a solvent parame—
ter since there are at least two dlfferent and competrng processes occurring s1mu1taneous1y
in this system and the solvent mlght be expectedr to affect these processes dlfferently

Indeed, it has been shown that thejmhrbltron process 1s more efﬁcrent relative to the iso-

merlzatJon process m CH30 "‘__than‘m
Con51derat10n of the pro
mrxed solvent’ experrments (Flg, 9) suggests that the rate enhancements follow the order

of the acrdrty of the solvent A plot of thejr te constants versus: pk -for these solvents
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however, does not give a significant correlétion (Fig. 27). Thi§ was not considered conélu-
sive because the rglationship of the aqueous pk,’s for these acids to the pk,’s in CCl, is not
known. To further test this possibility, rates were measured with the addition of an organic
base, TBA, to the reaction mixture. CHCl; was chosen as the solvent to test the H* acceler-
ator hypothesis since HCI is é common impurity in CHCl; and the observation of shnﬂar
processes, particularly substrate inhibition, in each of these solvents suggests that the
enhancement mechanism should be general. The use of CHCl; as solvent also avpids the
complicat,ion'of producing ion pairs from the reaction of the added acid with the base
which would significantly alter the bulk solvent character. This study showed that the rate
enhancements observed in polar soivents are not due to a simple depeﬁdence on H*.
No si.mple correlation between rate constant and a solvent parameter has been ob-
served. It seems apparent that any correlation that does not account for the inhibition
process as well as the isomerization procéss will be pnsuccessful in explaining the solvent
effects on the rate constant. Such a correlation is beyond the scope of this work but could
be made on the basis of ultimate rate constants determined by ei(trap'olation to infiximite
dilution of the initial substrate concentration in a variety of polar solvents. Developm.ent
" of a new kinetic method capable of the determination of faster rates and the measurement.
of lower concentrations of suBstrafce and product than available by the methods described

herein would be required to determine ultimate rates over an adequate range of solvents.

Substrate Inhibition

The rate constant is dependent on the substrate to catalyst ratio in .polar solveﬁts.

This dependence has been observed in CDCl,, CD,Cl,, MeOH, and CH; COOH (Figs. 9-
13) and appears to' be general. for 7-substituted quadricyclanes as well (Fig. 14). This |
‘ dependence has been shown to be due to substrate inhibition. The ppssibility of the inhi-

bition being the result of impuﬁty in the substrate was eliminated on the basis of experi-
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meﬁts in which rates for crude preparatioris of substrate were compared to rates for sub-
strate ﬁrepared by different methods and purified by a variety of techniques. The observed
rate constants were unaffected by purification of the substrate. The reaction, also, pro:ved
to be quite insensitive to a variety of substances added to test for potential poisons. In
addiﬁon, the 7-substituted quadricyclane 22 demonstrated the sam-e type of dependence
of the rate constant on the substrate concentration. It is beyond reasonable probability
that any impurity could survive all of the above mentioned tests maintaining an identiical
ratio of itself to the substrate in all cases unless the inhibiltor was the substrate. The:ob-
served substrate inhibition is propbsed as the explanatim‘l for the difference in the rate
constant reported by Halpernl 3 for this reaction in CDCl; at 40°C and our rate constants
at 37°C. Since the experimental conditions were not réporte,d in Halpern’s communication,
it is reasonable to conclude that his reactions were run at high substrate to catalyst ratios
resulting in the reported rate cc;nstant of 2.1 M sec™! which is in good agreement \:;vith |
our rate constants at greater than 400:1 substrate to catalyst ratios, 4.3 M lsect.

Having concluded that the inhibition is due to substrate, what is the nature of the
inhibition reaction? Given that the inhibited rhodium complex (or complexes) has r:10t
been characterized, the inhii)ition procéss cannot be fully delineated but some il;fergnces
about the process can be made. First, it is apparent that the inhibition process invol%zes a
reaction of the substrate either with the catalyst or with some rhodium species that would
otherwise become the catalyst. Second, the catalyst is not simply rendered inactive as a
result of the inhibition reaction but is evidently converte(i to another catalytic specie§ of
lower activity. This is evident from the plot of the rate constant vs‘[substrate] for CDCla
(Fig.‘ 10). At [substrate], > O_.4O M, the rate constant became independent of the [sub-
strate] o, leveling_out at ~v4.3 M~!sec™!. Third, consideration of the activation pararﬁgters
for the reaction in CDCl; at low [Q],:[5], versus high [Ql,:[5], indicates thét the tran-

sition states arising from the high and low activity catalysts are substantially different. The
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enthalpy of activation, AHi, for [Qlo:[5]o = 120 was 13.0 kcal mol™! compared to 4.7
kcal mol™? for [Q],:[5]1, =400. The entropies of acﬁvation, ASi, were -12.1 and -41 cal
mol™! K-t for [Q], :[5]0 = 120 and 400, respectively (Table 6). The decrease.in AHi_ by
almost two-thirds on going to high [Q],:[5], indicates either that the bonds that must be
lengthened or broken to achieve the transition state are substantially weaker for the low
activity catalyst, or that there is a negative enthalpy process that is compensating. While
this difference is probably significant, it is fairly difficult to draw structural conclusions
from it. Th’e difference in AS¥ , however, is more readily understood. Since this reaction is
clearly bimolecular -in each case, the increase in ASF of greater than 3 times for the low
activity catalyst must bé due to increased orientational or steric requirements. This could
be accounted for by the low activity catalyst having only a single available orientatibn
which could react with a molecule of quadricyclane. This is probably a result of the rhéd-
ium complex acquiring an extra quadricyclane unit at high [Q],:[51,. Thus, the 1:1igh
activity catalyst might be a 3 or 4 coordinate rhodium (1) species and the low activity
catalyst might l;e a hindered 5 coordinate Rh(I) species or a 6 coordinate Rh(III) that
would require loss of a ligand to allow coordination of a quadricyclane molecule. If the
low activity catalyst operated by a dissociative mechanism, however, it could not invoive
the loss of NBD in a reversible manner since the addition of NBD to the reaction mixture
does not affect the kinetics. One could envision a mechanism in which a bidentate NBD
might lose coordination to one olefin to become monodentate and open up a coordination
sight. The transition state would, then, correspond to coordination of rhodium to a quadri-
cyclane rather than oxidative addition of the quadricyclane to the rhodium complex. In

this case, AH¥ would be expected to decrease and AS¥ would increase, as obser_ved.’
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Evidence for a Third Catalyst at Low Temperatures in CDCl,

Halpern?? reported that the product, NBD, had no effect on the> kinetics of the
vélence isomerization of quadricyclané catalyzed by 5 in CDCl; at 40°C. This result was
unexpected on the basis of Volg_er’524 observation that 5§ was cleaved to the monomeric
rhodium complex, 24, in CDCl, -CD;CL solution (Eq. 16). Extrapolation of Volger’s
equilibrium constants to 40°C yielded K‘;%OC= 0.1 M™'. At 40°C, this equilibrium should be
significant and én observable effect on the kinetics Would be expected. These investigations
were repeated and it was found that NBD had no effect on the rate constant at 40°C but
that Volger’s 'H NMR assigriments we‘re incorrect resulting in erroneous equilibrium con-
stants. The redetermined constants are smaller and are listed in Tabl.e 7. Extrapolatioﬂ of
the new equilibrium constants to 40°C yields Kggoc = 3.5 X 107 M™*. Thus, the equﬁib-
rium lies very far to the left at 40°C. On the basis of these new data, neither the amou_nté
of NBD produced by the isomerization of Q during the reaction, nor the quéntities of NBD
added ‘to the reaction in our investigations would decrease the concentration of § signifi-
cantly. One would not, therefore, expect to see an effect of NBD on the rate constan? at
this terri'perature. However, 'a.t lower temperatures the monomeric rhodium comple):( is
favore_:d and one would predict a significant decrease in the concentration of 5§ in the
presence of NBD. In fact, the Kobg 18 2.25 times larger at 0°C in the presence of NBD than
in its ébsence (Table 8). Assuming the kobs of 1.02 X 107 s7! is primarily due to 5, then
the rate constant for 0.001 M § is 1.02 M™'s™! and the calculated rate constant for 24"
would be 13.5 M5! or approximately 13 times larger. Therefore, not only is this equilib-
rium intimately related to the catalytic process but the; monomeric rhodium complex 24 or
a derivative thereof, is demonstrated io be a more efficient catalyst.than 5 for th_e isomeri-

zation of quédricyclane.
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' . Other Inhibition Processes

In addition to the equilibrium between 5 and 24 discussed in the previous section
which resulted in rate enhancement at low temperatures, NBD is also invofved in a direct
exchange equilibrium with NBD bound to rhodium. Unlike the former equilibrium which
does not occur in CCl; or benzene, the NBD exchange equilibrium was shown to be fa:cile
in CCl, and benzene, as well as in CDCl; and CD, Cl, by NMR satufation transfer experi-
ments. This equilibrium was observed in each solvent from the freezing point of the solvent .
up to 37°C. NBD exchange was demonstrated by 2DNOE chemical exchange mapping
(Fig. 20).to take place directly between free NBD and NBD bound to both rhodium com-
plexes formed in CDCl; (Eq. 18). The fact that this exchange does not apparently affect .
the reaction rate for quadricyclane isomerization indicates that the exchange and isomeri-
zation sites are different. This conclusion is supported by the results for the addition of
Et;N to the reaction in CDCl;.

Et;N was observed to bind weakly to 5 and was labile in CDCl;. Although the
exchange rates were not measured, the line broadening observed by NMR spectroscopygfor
free NBD with and without Et, N added was qualitatively the same, indicating that NBD
exchange was not inhibited by Et3N. However, Et;N was shown to competitively inhibit
the isomerization of Q (Fig. 21). Since Et; N inhibits the isomerization of Q but not the
exchange of NBD, the exchange site for NBD must, therefore, be different than the isomer- .
ization site of Q.

Pyridine was observed to bind strongly to 5 but did not displace NBD in CDCl;. A
5:1 mol ratio of ﬁyridine:S in CDCl; stopped the'NBD exchange -and strongly inhibited
the rate of isomerization, increasing the half life of the reaction from seconds to over an

hour. .
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Since pyridine should coordinate to rﬁodium ‘at the same site that Et;N does 'and
pyridine strongly inhibits both the isomerization and the exchange procésses but Et;N
inhibits only isomerization, it is reasonable to conclude that the NBD exchange process
proceeds by a dissociative mechanism. This suggests that pyridine affects the lability of
NBD by increasing the strength of the Rh-NBD bonds. This is reasonable given that
pyridine donates electron density to the metal but is incapable of significant = back bond-
ing. The excess electron density on the metal can increase the = back bonding to NBD and
therefore increase the strength of the Rh-NBD bonds. Et;N, however, binds only weakly
to § and although it should donate some .electron density to the metal, apparently the
interaction is not strong enough to affect the NBD exchange rate 'significantly. It is inot
reasonable to suggest that pyridine is blocking the site of NBD association because that
would imply that the sites of exchange and isomerization are the same, in which case NBD

would be a competitive inhibitor of the isomerization process and that is not observed.

Reaction Scheme

A reaction scheme that accommodate.s the major features of this reaction in CDCI;-;
was developed and re_:ﬁned with the aid of a kinetic modeling program. One‘of the signifi-
cant advantages of utﬂizing. a computer modeling program is that one av;)ids the necessity
of making the steady state approximation commonly usedlto reduce the rate law to man-
ageable proportions‘? 9 In this case, the steady state approximation would clearly be invalid.
Th_e final reaction list is given in Table 9. This reaction scheme is abbreviated and conte’zlins
the minimum steps considered necessary to model the experimental results.

RH1 is the complex 5. The structures of the other rhodium complexes are not known,
however, a structure for RH3 will be proposed. This list does not explicitly contain equi- A
libria that would not materially affect the resulj of the model, i.e., the exchange of NBD

with NBD bound to rhodium. This model is not intended, for instance, to discriminate
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between RH3 being Q, (NBD),Rh, Cl, or the complex cleaved to Q, (NBD)RhC1~and '

(NBD)RNhCL. In the latter case, (NBD)RhCI would rapidly dimerize to [(NBD)RhCl],,
RH1, and the individual rate constants would ﬁave to be adjusfed accordingly but the end
result of the model would be the same.

Steps 3 and 4 are parallel reactions proceeding from a common intermediate, RH3, to
yield the two products in constant ratio throughout tﬁe course of the reaction, as observed.
Steps 1-4 correspond to isomerization by the high activity catalyst which is pre&ominant
at low [Ql,:[5], ratios. Step S is the inhibit.ion step in which reaétiop of RH3 with Q
yields a new rhodium species that then leads to isomerizatic;n by the low activity catalyst
in steps 6-8. The inhibition step could involve any rhodium species produced bygthe
reaction and is not limited to RH3. The inhibition step proposed acts as a siph01:1 of
rhodium from the high acﬁvity catalyst pathway into the low activity catalyst pathway.
There is no proposed route for return to the high activity path. It is entirely possible'.that_
there could be a slow route back to the high activity path or a myriad of other paths-that
would not materially change the result of the model, i:e., a mechanism can always be rﬁore
corﬁplicated. However, this model is intended to utilize .the fewest steps that will acc-om-
modate the observed results.

Reaction steps 7 and 8 are parallel reactions to the two .product-s of the low activity
catalyst, analogous to the partition in steps 3 and \4. It is rema:kabie that the partition
between pr<‘)d'ucts is apparently identical for béth the high and low activity paths (Table_: 4),
esp.ecially in light of' the fact that the activation parametéré suggest thgt two different
mechanisms or transition states are involved for the isomerizétion by the two catal}:/sts.

It must be remembered, however, that the activation parameters relate only to the events

occurring prior to and including the transition state of the rate determining step and that

the product distribution most likely occurs after this.2 It is, therefore, likely that the reac-

3Actually, any conclusion based on activated complex theory must be taken with a gram'

of salt because the theory itself may not be valid for a complex reaction.
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tions leading to products after the rate determining step for each pathway are very similar.

In any event, the identical product distributions for this reaction at high and low Q:5°

ratios require that the free energy differences between the two paths to products be iden-
tical in each case.

A comparison of results from the kinetic model to the experimentall-y obseﬁed
results is given in Figure 23. Agreement is excellent. It should be noted here that agree-
ment of a model ‘does nét constitute proof of a reaction scheme. However-, a properly .con-
structed model does demonstrate that the features contained in the model are able to

account for the .observed results. This has been demonstrated for the reaction scheme in

Table 9.

A detailed discussion of the structures of the reaction intermediates will not be .

attempted owing to the lack of structural evidence for them. Howeve;,.gome discussio.n:of
the intermedi.ate RH3 is warranted. RH3 in the proposed reaction scheme is a common
intermediate leading to both products. It must, therefore, have at least t\yo Q or NﬁD
moieties associated to rhodium. Complex 31 is proposed as a reasonable structure for RH3
(Fig. 28). Complex 31 is a hexacoc;rdinate Rh(III) species that could either extrude NBD
or rearrange to 32 which cdéuld then produce HCD. This structure is given support by fhe
identification of the ahalogous intermediate, 20, from the [(NBD)Rh(OAc)], (17) cata-
lyzed isomen'zatién of Q by Chen?® (Fig. 6). Complex 20 is anaiogdus to 32 with the
difference that the Cl is replaced by OAc. Chen proposed that 20 was ff.)rmed from 21
which is analogous to 31. '

Although Chen’s system is identical to ours except that he used the acetate Bridgéd

rhodium complex rather than the chlorine bridged complex, the two systems are dramati- .

cally different kinetically. In the acetate bridged case, the rate was found to be dependent

on [NBD]. At low [NBD], this resulted in autocatalytic behavior until a sufficient excess. .

of NBD was producéd. In the presence of excess NBD, the rate was zero order in [Q] and
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and AS¥ =-41 + 8 calmol™* K™ compared to AH¥ = 6.0 + 0.6 kcal mol™! and AS¥ =37.0
+ 3.7 cal mol™? K-1 in CCl, (Table 6). The differences bet_wéen the reactions in the tWo
solvents are that the rate constant is 50% faster and the product distribution yields twice
as much HCD in CDCl, than in CCl,. These differences are of the size of solvent effects
that might be expected upon changing the solvent from CCl, to CDCl; without changing
the catalyst or mechanism. Mote significantly, the transition states should be similar if the
catalyst is the same in the two solvents. In this case, the activation parameters are 1;:he
same, allowing for experimental error. Therefore, since the reactants and the products are
the same, the differences in rate const.an.t and product distribution are of reasonable size
and the activation parameters are the same, it would be reésonable to conclude that the
catalyst in CCl, is very likely the same as the catalyst in CDCl; at high [Q], :[S]o rati:os.
This would imply that the reaction sequence for the isomerization in CCl, proceéds
according to steps 5-8 of the reaction scheme in Table 9. If this is correct, it requires that
conversion of 5 to the low activity catalyst must be very rapid in CCl, and occur within
the time prior to the taking of the first data point. This requirement is necessary for Fhe
pseudo first order plots to be linear.

If the catalyst in CCl, is actually the same catalyst as at high [Ql¢:[S]o ratioé in
CDCIS , then an extract of the rhodium containing poxttion of a reaction mixture in C:Cl4
should be identical to an extract of a reaction mixt;ure in CDC13 under conditions in which
the low. activity catalyst is produced. This was not observed. Isolation of the rhodium con-
taining fraction of a large scale reaction in CCl, yielded only the initial rhodium comlélex
5, whereas isolation of the rhodium fraction of a large scale reaction in CDCl, run at fﬁgh B
[Ql,:[51, resulted in a complex product mixture in which 5 was not détected. This reisult
implies that the true catalyst in CCl, is, or is derived directly from, § while the low actiyity

catalyst in CDCl, is a quadricyclane addition adduct of some type.
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If the catalysts are different, why are the activation parameters nearly identical? The
molecular crystal structure of 5 has not been determined bﬁt consideration of a series of
chlorine bridged Rh(I) compounds (Table 10) indicates that the dihedral angle between
the two coordination planes for 5 should be close to 120° and that the metal-metal (iis-
\ tance should be approximately 3.1 A. A model of 5 constructed according to these param-
eters shows that the two metal atoms are effectively sterically shielded by the NBD ligands
and the bridging chlorines. This would account for the larger negative AS¥ for the reac‘tiori
in CCl,. In CDCl;, one or both of the chlorine bridges.in 5 are likely cleaved upon addi—
tion of Q to open up thé complex which would relieve the steric interference resultingl in
the high activity catalyst. Addition of another molecule of quadricyclane at high [Q], :[5 Yo

could then produce a sterically constrained rhodium complex of low catalytic activity.

~

Table 10. Dihedral Angles, w, Between Coordination Planes and Metal-Metal Distances, d,
For Chlorine Bridged Rh(I) Compounds4 0,

Compound w deg d, A
Rh, (CO), Cl, 124 3.12
[(C,H,;), RhCl], . 115.8 3.02
[(C¢H;0), RNCl], 115.8 3.09
[RhCI(CO)(PMe,Ph)], 123.0 3.167
(n-1,5-CgH;,)Rh, Cl,(P[OPh]3), 122.6 3.138

This type of solvent dependence has already been demonstrated for § with respect to
bridge cleavage by NBD. In CDCl;, 5 was cleaved to the mondmeri’c complex 24 by NBD
(Eq. 16). In CCl,, the chlorine bridges in § remained intact upon addition of NBD to the
solution. Therefore, it is reasonable to conclude that the catalyst in‘ CCl, is derived directly

from 5 and is not the same as the low activity catalyst in CDCl;.
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Mechanism of Rh(I) Interaction With Quadricyclane

Three basic mechanisms have been proposed for the interactions of tran;ition m_e_:tals
with cyclopropénes (Fig. 2). These include: (1)‘the concérted mechanism whi-ch involveé
edgewise coordination of the r;leta] to the cyclopropane to relieve orbital symmetry con-
straints and allow rearrangement in a concertedl fashion, (2) the “cheieotropic” mechanism
which involves insertion of the metal into a C-C bond followed by cheleotropic extrusion
of the metal accompanied by bond reorganization, and (3) the Lewis.acid mecharﬁsm .
which involves the formation of a metalla-carbonium ion intermediate:commonly followed:
by carbonium ion rearrangements. The isomerization of <'qu'adricyclane ‘has been propbséd
to occur by each of these mechanisms depending on the metal and thé solvent used. Ag'(I)
is thought to interact via the Lewis acid mechanism. Rh(I) is generally thought to follow
the oxidative-addition route but the concerted mechanism has been proposed on theo%eti— :
cal grounds; as well. Evidence for the Léwis acid mechanisms includes methoxy capture
products for Ag(l) catalyzed rearrangements run in methgn012§'36. Evidence for the oxi-
dative-addition route includes isolation of Rh carbonyl insertion products from Rh, (CO)4
Cl,73-16  New evidence from this work rules out the concerted and Lewis acid mechanisms
for the [(NBD)RhCl]z catalyzed isomerization of _quadricyclane in favor of the oxida’:cive-
additjon route. |

Observation of two.products from this reaction formed by parallel paths from a corﬁ-
mon intermediate requires that the mechanism must be stepwise unless a termolecular con--
. certed process is to be invoked to explain the formation of HCD. One could argue that the
kinetic results may be explained by two separaie mechanisms that océﬁr at constant ;ela-
tive rates and that the formation.of NBD is a concerted process, but this does not solvé the
problem. This argument now requires that the metal interact with thé substrate by a non-

concerted process as well as by a concerted process under identical conditions. While this
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contention may not be ruled out, a priori, it is viewed as an unnecessary complication since
there is no evidence to support it.

‘ Sgpport for the Lewis acid ‘mechanism suffers frdﬁ the complete lack of metho;é(y
capture products from the Rh(I) catal'yzed isomerization of Q in methanol. Methoxy cap-
ture products were the only products observed for thg sulfuric acid c;atalyzed reaction in
methanol (Eq. 19). |

The “cheleotropic” mechanism is consistent with all of the observations in fhis report
and it is considered the most likely mechanism for the Rh(I) catalyzed isomerization of Q
While no new evidence for this mechanism in this spgcific system is offered, support for -
the generality of the oxidati\}e-addition route for Rh(l) interactions with cyclopropane in
rigid sys;terris is gained from the observation of the_new rhodium dicarbonyl insertion
product 30 from the reaction of 27 with Rh, (CO)4 Cl, in CDCl, (Fig‘. 22). The monocar-
bonyl insertion product 29 is thought to arise via insertion of the metal into a side bQQd
of one of the cyclopropy! rings to forr(n the rhodiacyclobutane 28 followed by carbonyl
insertion into one of the Rh-C bonds. On addition of Ph;P, 30 is produced by insertion of
the remaining CO into the remaining Rh-C bond.

It is interesting to note that this is the first case in which given a choice, rhodium
inserted into the least substituted cyclopropyl bond. Insertion into the cyc_lopropyl side
bond rather than from underneath, suggests that bidentate coordination of rhodiumf to .
both cyclopropyl rings is not important in this case. Mango’? stressed. that bidentate .co-
ordination of the substrate to the metal is an impoftant feature of metal catalyzed valence
nisomerizations that proceed by a concerted proéess. The cyclopropyl rings in 27 are ideally
situated for bidentate coordination to tﬁe metal, yet bidentate coordination appears tq be
‘unimportant in this favored case. if bidentate coordination is necessafy for the conde;ted

mechanism to be viable, this observation suggests that the concerted mechanism is proba-
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bly not a major pathway for metal catalyzed valence isomerizations of cyclopropanés in

rigid systerhs.
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