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The conformational transition of oligopeptide multimer, -(HPPHPPP)n-, is studied (H : hydrophobic amino acid, P : hyd-
rophilic amino acid). The helix/coil transitions are detected in the multimer. The transition depends on the number
of amino acid in the sequence, the concentration of the oligopeptide, and temperature which affects helix stability
constant () and hydrophobic interaction parameter (w;). In the thermodynamic equilibrium system jA—A; (where
A stands for oligopeptide monomer), Skolnick et al., explained helix/coil transition of dimer by the matrix method
using Zimm-Bragg parameters § and o (helix initiation constant). But the matrix method do not fully explain dangling
H-bond effects which are important in oligopeptide systems. In this study we propose a general theory of conformatio-
nal transitions of oligopeptides in which dimer, trimer, or higher multimer coexists. The partition of trimer is derived
by using zipper model which account for dangling H-bond effects. The transitions of multimers which have cross-
linked S-S bonds or long chains do not occur, because they keep always helical structures. The transitions due to
the concentration of the oligopeptides are steeper than those due to the chain length or temperature.

Introduction

The structure and folding of proteins have been actively
studied after Pauling and Corey et al.! discovered a-helical
structure of protein in 1951. To understand the folding me-
chanism of protein and its biological activity, it is necessary
to have a knowledge of the spatial coformations. X-ray dif-
fraction has been successful in elucidating the three dimen-
sional structure? However, these crystallographic analyses
are quite laborious, expensive, and time consuming. Futher-
more many membrane and ribosomal proteins as well as
histones, have not yet yielded suitable crystals, so other app-
roaches such as theoretical methods must be explored to
give structural information on the basis of experimental data
and statistical mechanics. .

The theoretical studies on the secondary structure of pro-
tein have been done by Chou and Fasmann et al® From
the tertiary structures of protein solved by X-ray crystallo-

graphy, they obtained the probabilities of amino acid sequen-

ces for a-helical structures, B-sheet, B-turn, and random
coils. A study on a-helical structure is more important than
any other secondary structures, as a-helical structure amou-
nts up to 80% of many proteins. The regularity of a-helical
structure enables a theoretical model to be constructed. As
the mean length of a-helix is shorter than 30 residues*™?
of amino acids, the thermodynamic properties of a-helix in
that range are important. Dangling H-bond which exists in
the end of a-helix is not important. in a long chain, but it
must be considered in a short chain in thermodynamic study.

Zimm-Bragg parameters (helix initiation constant and helix
stability constant) are insufficient to explain the thermodyna-
mic phenomena of proteins. a-helical structure is determined
not only by a-helical H-bonds but also by the species of
amino acids and the tertiary interactions surrounding a-car-
bons of amino acids® The probabilities of amino acids to
form a-helices depend on whether they are located inside
or surface of protein. The fractional helicity of oligopeptide
multimer increases to unity as the concentration of oligopep-
tide increases.

Skolnick et al. derived the partition function of dimer using
the matrix method which Zimm et al,® and Lifson ef el
have used and the thermodynamic properties'?~" of polypep-
tide. However, this method can not explain dangling H-bond.
In this study the thermodynamic functions of polypeptides
system, where chain multimers coexist, are derived using
zipper model. By this method helix/coil transitions of oligo-
peptide where dangling H-bonds are important can be well
explained.

Theory

The theoretical Study of the conformational Tran-
sition of uncross-linked Multimers. Polypeptides-(HP-
PHPPP)n- are presented as dimer, trimer, tetramer, or hi-
gher multimer®? (H : hydrophobic amino acid, P :polar
amino acid). In the case of dimer, hydrophobic amino acids
are located in a and d position of helical wheel and hydro-
phobic interactions™* between a-d’, a’-d stabilize dimer (Fi-
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Figure 1. Axial helical projections of dimer(A), cyclic trimer(B),
cyclic tetramer(C) in amino ends. In this representation the heli-
cies have been slightly underwound compensate for the left han-
ded supercoiling of structure. Open rectangles stand for hydro-
phobic interactions between two chains.

gure 1A). For trimer or tetramer, hydrophobic interactions
among hydrophobic amino acids stabilize multimer, too (Fi-
gure 1B, O).

Multimers have hydrophobic interaction. Let hydrophobic
interaction parameter (w;’) in dimer be exp(—AG'/RT),
where AG' is the free energy change for the formation of
dimer from two monomers. Two turns of o-helix require
seven amino acids. Two hydrophobic interactions of a-d’, a'-
d between two chains give (w:).?2 By the mean field theory
the free energy change, 2AG.’, are uniformly distributed to
seven a-carbons of amino acids, then hydrophobic interaction
parameter becomes w,, where (w:')’=w,’ and 2AG;' =7AG:.
On the same way hydrophobic interaction parameters in tri-
mer and tetramer are defined as w; and w, respectively
(Figure 1).

The partition function derived through multiple zipper mo-
del” explains well the properties of polypeptides. However
zipper model is enough to illustrate the physical properties
of uncross-linked oligopeptide = multimers. Uncross-linked
multimers are formed by hydrophobic interactions and equi-
libriums between multimer (4;) and j monomers (A) are pre-
sent as follows (Figure 1).

2A = A,
3A - A;

A > A

If C, is the initial concentration of oligopeptides only con-
sisting of monomer[A] and [A;] is the concentration of j-
mer, then C, is expressed as follows.

C,=[A1+2[A]+3[AT+ - +ilAT+, - +A] (@

Let the mole fraction of oligopeptide consisting of j mono-
mers be g; and then [A/1=Cy-g/j. The chemical equilibrium
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constant (Kj) is given by

K=[A/[AY ®
=& . 1
=i i @

The fractional helicity consisting of uncross-linked multimers
is defined as

h= 3o ®

where f; is the fractional helicity of cross-linked j-mer. The
fractional helicity of uncross-linked j-mer is

omzZ/ay 1
dlng JN—2)

where Z'{N) is the partition function. The chemical equilib-
rium constant can be given by?®

_p-1 ZdN) _ -1
BV ey T zaw
o1 L)

~2u ZiNy )
The partition function (Z{N)) of oligopeptide consisting of
uncross-linked j-mer and g; can be yielded from eq. 4 and
eq. 7. g; is derived from the relation between the chemical
equilibrium constant through partition function and that th-
rough the concentrations of the oligopeptide multimers
(where Z(N)=@/VY (Z!(N)—1), Z;(N)»1). V is the volume
of the system, u=Bynh(duul—dm2)** u being the product
of the three factors; (a) the volume of configurational space
accessible to the center of mass of one a-helical turn in’
the dimer when a-helix turn in the other chain is held posi-
tional fixed; (b) an orientational factor B that accounts for
the relative allowed angular orientation of the a-helical turns
that permit the inter helical interaction to occur; (¢) the ratio
vy of the volume of configurational space spanned by the inte-
rnal degrees of freedom of the a-helical turn in the dimer
to that in the monomers. In order to implement %, we use
54 A for h the length of the a-helical turn, agd 70 A for
the distance of closest approach,® d,,, and 14 A, dpu,: 4=

359 A° for N=29

From eq. 4 we can find

fi= 6)

gizj'ng_1°g1j'Kj, 2&:1 (8)
=

Evaluating the partition function of Zi{N) requires Z/(N)
of cross-linked multimer. The proportion of the mole fraction
of dimer to that of trimer can be estimated through the
relation between the equilibrium constants among monomer,
dimer, and trimer.

Derivation of Partition Functions of Cross-Linked
Trimer. The partition function(Z,(N)) of cross-linked dimer
including end effects has been derived.®® Several research
groups regarded the statistical weight of dangling H-bond
as unit. The partition function of all helical oligopeptides
is o4 N is the number of amino acid residues, N-2 is
the number of a-helical H-bonds). The difference between
N and N-2 is negligible in a long chain, while it is not negli-
gible in a short chain. That the order of ¢ is 107%, makes
monozipper model explain well the properties of oligopepti-
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Table 1. Partition function of cross-linked trimer when k=3,
I=3: m=I-N: k, | and m stand for the numbers of helical struc-
ture for chain 1, chain 2 and chain 3, respectively; helical struc-
tures for chain 1 and chain 2 are placed at the amino end

k k

l structures  statistical i structures statistical
m m

k _ k

3 hhhee--cece 3 chhhe--ccec

3 hhheerrccce o%Ews? 3 chhhcrccec 0w
3 hhhec--cece 4 hhhhec---ccec

3  hhheeercece 3 chhhce--cece

3 hhhee---ccce 3  chhhe---ccec

3 hhhee--cecce s 3 chhhecececc . ws
4 hhhhc---cccce 5 hhhhh---ccce

3 hhhec---cccc 3 chhhec--cece

3 hhhece+-cecc 3 chhhe---cecc

3 hhheerrccee 3 chhhcrccce *8wd
N hhhhh---hhhh N hhhhh---hhhh

3 hhhce---cece 3 chhhe---cecc

sum 1:06%w @+ -+  sum 2:c'wE -+ +8)

i Z(3,3,m) : oqwP(E+ 284+ 38+ -+ + (N—2)&N
m=3 .

des.

On the basis of this assumption, we evaluated the partition
of *trimer(Zy(N)) as follows. Experiments show that leucine
zipper peptides such as GCN4-VL, GCN4-LV fall into oligo-
peptide trimer.® The following models are suggested to gain
the partition function of oligopeptide trimer. Chain 1 and

chain 2 initiate the helical conformation at the same position’

(Table 1).

Three sequential helical conformations are necessary for
one a-helical H-bond model. Summing statistical weight of
all possible conformations gives partition function of cross-
linked trimer.

k :the number of helical structure chain 1
-h-h-h-c-c-¢*--¢-c-c-c-
hydrophobic interaction
[
l : the number of helical structure chain 2
-h-h-h-c-¢-¢*++c-c-c-c-
hydrophobic interaction
[
m :the number of helical structure chain 3
-h-h-h-c-c-¢*-*c-c-c-c-
hydrophobic interaction
a0,
k :the number of helical structure chain 1
-h-h-h-c-c-c***c-c-c-c-
model 1

In model 1, the statistical weight is 0°»° when dangling
H-bonds are not included. However, it is 6°?w® when dang-
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ling H-bonds are. The assumptions of model 1 are as follows.
Helices are initiated at amino terminals of chain 1, chain
2, and chain 3, respectively. The number of helical structures
of chain 1 is =3 and that of chain 2 is /=3, that of chain
3 is m=3, 4,--, N.
The sum 1 in Table 1 constructed by model 1 is
Sy I+ E+E+ -+ EY) 9-1)

The sum 2 in Table 1 is obtained as follows. The positions
of helix initiation of chain 1 and chain 2 are shifted by one
residue. The number of helical structures is m(=4, 5,--,
N) and its partition function is given by eq. 9-2. We have
obtained the partition function with carrying the position of
helix initiation, one by one, from the amino end to the carbo-
xyl end.

WA+ E+ -+ EY) ©9-2)

Fwe ©O-N)

Summing the ahove results is

ﬁ Z(33m)=c*w3 /(E+28+ 38+ - + (N —2)eN-9) 10)
m=3

Likewise we obtain the subsidiary equation (¢=3, /=4)

i Z(34m)= o’ w¥(E+ 26+ 37+ --- + (N —HEN+1Y) 1)
m=3

In general, i i Z(klm) is given by
=3 m=3

03w33k(§(3k—6) + 2§(Sk —5) + 3§3k —4) + 4&(3k~3) + e

+(N—1+1)EN+2%-9) 12
Gy I(EG=6 4 2§<3k—:5>+ BER— 4 JEG-I ...

+ N1+ 1)E0+2%-9) (13)
0.iiws(Zk +N)§(3k —6) : (14)

where /=k-N, m=I-N.
The partition functions of cross-linked trimer after sum-
ming of eq. 12-eq. 14, is approximately given by

N N
ZMx1+ 2. ﬁ (n—1+ Do+ 1-9y @D (15)
k=3 I=k m=l

The. partition function of eq. 15 is illustrated by model
2 where the number of hydrophobic interactions is maximi-
zed. The number of hydrophobic interaction in model 3 is
smaller by two than in model 2 with moving the position
of helix initiation as many as one from amino end to carboxyl
end.

chain 1 ccccchhhheeccee
chain 2 cccechhhheeceee
chain 3 cecechhhheeccec
chain 1 cccechhhheeceec
mode] 2
chain 1 cccechhhheeccee chain 1 cccechhhhecccee
chain 2 cccechhhheeccce chain 2 cccechhhheeceee
chain 3 cccchhhhecceee chain 3 cccecchhhheccee
chain 1 cccechhhheeceee chain -1.cccechhhheeccee
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model 3

chain 1 ccccchhhheecece
chain 2 cccechhhhceceee
chain 3 cccccechhhhecce
chain 1 cccechhhhececee

chain 1 ccccchhhheceece
chain 2 ccccchhhheeccce
chain 3 ccchhhhceccece
chain 1 cccechhhhececee

model 4

Model 2 is modified by adding model 3 and model 4, and
the partition function of trimer is obtained as

za=1+ 3 5 ¥ et oo

k=3 I=k

+92 i i i’ (m__l+1)03§(3k—m~1‘6)w3(2k+l—2)

1_v =
+9 Z i i (m_l+l)csé(ak—m—l—@wsmﬂ—m 16)

m=I

The first term of eq. 16, unit, is the stastical weight when
chain 1, chain 2, and chain 3 are all coil conformations. The
second term (mode] 2) is the sum of states when the number
of hydrophobic amino acids interacting each other is largest
in chain 1, chain 2 and chain 3. The third term (model 3)
and last term (modeld) are the sum of states when that is
fewer by two and four than in model 2, respectively.
Differentiating eq. 16 we have

olnZz(N) | 1
oIng (3N—6)

The thermodynamic Properties of the Chemical
Equilibrium between Uncross-linked Dimer and Tri-
mer. If oligopeptides exist' only monomer, dimer and tri-
mer, the following chemical equilibrium are

2A == A, Ko=TA;]/[AT (18)
3A == A, Ks=[A;]/[AT (19

The chemical equilibrium constants are also derived by stati-
stical mechanics.

hs= an

K2=——‘Z(2g2) 20)
K=K @
Let g; be the mole fraction of species(4:). Then
ki a=1 @2
[Al=Ca, [A;]= , [AsJ= (23)

By inserting g2=2Ca1’K, and g3=3C.,2g13K3 into eq. 22 and
rewriting of eq. 22, we find

g1+2Ca* K, +3C g Ks=1 249
The fractional helicity(#) is expressed by
h=gh+gohotgoha
=g+ 2Cg1°Kohz + 3C.’g K (25)

In eq. 25, the-first, second and the third terms stand for
the fractional helicity of monomer, dimer, and trimer, respe-
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ctively. The fractional helicities have been assumed to be
independent of concentration. Differentiating eq. 25 with res-
pect to the concentration is given by

— dgl h1+ dgz

= _dgs .
nC, ~ dinC, ™ dinC, " dnC, " (26)
where Efc_’ —dili% and T(lige— are given as follows
Qg 1 —_ - Z(KZ + 3C£ 1K3)C£ 12 (27)
dinC, = 1+4CgK:+9C/%g’Ks
dg, _ dg,
dinC, 20.CKlgi+2 dInC, ) @®
48 o 3o 2
dinC, _ #C K3(2g1+3g‘ 2nC, ) @9

Differentiating eq. 25 with respect to temperature, we obtain

hl_& + 1 dhl +4C,g‘1h2Kg_& +2C‘g'12h2 dKZ

dT dT dT aT
+2Cg1%hKo—-= ZTz +9C} 1h3K3i +3C2g (fi T
+ 304K, (30)

Differentiating the chemical equilibrium constants with res-
pect to temperature, we obtain the van't Hoff equation as
follows;

dinK, _ AH, __dinZyN) _, dinZ2) @1
dT RT? dT aT
dinKs _ AHy __dinZN) _, dinZ:(2) 32
daT RT? aT v 4T

where AH, and AH; are the enthalpy changes when 2 mole
and 3 mole of A are transformed to A, and As, respectively.
The dependence of the fractional helicities on temperature
is derived through eq. 30, eq. 31 and eq. 32.

Result and Discussion

Determination of Zimm-Bragg parameters. Let o
and g be the helix initiation constant and the helix stability
constant of homo-oligopeptide consisting of amino acid B;
respectively. By the mean field theory the helix initiation
constant and the helix stability constant of oligopeptide (B;-
B,-+-+-By) are given by

N N
o= 11 (GBi)I/N, (=1 (CBi)UN ,
i=1 i=1

respectively. Zimm-Bragg parameters®~ of homo-oligomers
are shown in Table 2. From the relation between & and
AS=—175 J/molK¥* ¥ (¢=exp(—AH/RT+AS/R)AH can
be calculated where AH and AS are the change of enthalpy
and that of entropy from random coil to helix structure per
one mole of oligopeptide, respectively. Zimm-Bragg parame-
ters of a tropomycin and GCN4-proteins obtained through
Table 3 are shown in Table 2.

Determination of Hydrophobic Interaction Para-
meters and their Properties. Hydrophobic interaction
parameters have been determined as follows; Having tropo-
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Table 2. Zimm-Bragg parameters and enthalpy change of some
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Table 4. Coefficients of hydrophobic interaction parameter (N=

oligopeptides at 20 T 3D
o tropomycin 'GCN4—p1 GCN4-VL GCN4-LV atropomycin GCN4-pl  GCN4-VL GCN4-LV
o(X10%) 5.00 6.57 6.22 6.22 dimer B 52.584 51.1271 48.992
¢ 0.970 101 0.967 0.967 dimer A, 16191.0 15975.0 18678.0
AH (k]/mol) —5,14 -5.15 —513 —513 dimer A, —351912 —342.663 —337.185
trimer B . . 28.595 28.72
trimer Ao . . 10751 10487.
Table 3. Predicted thermodynamic parameters for the secon- trimer A : —196515  —196515
dary structures of homopolypeptide residue at 20 C T, (©) 3L 53. 95. 8L

polypeptide ¢ o (X109 Reference
poly-ala 1.07 8.0 34
poly-val 0.95 1.0 35
poly-leu 114 33. 36
poly-ile 1.14 55. 37
poly-pro 0.27 0.1 38
poly-met 1.20 54. 39
poly-phe 1.09 18. 40
poly-trp 111 77. 41
poly-gly 0.59 0.1 42
poly-ser 0.76 0.1 43
poly-thr 0.82 01 44
poly-cys 0.99 1.0 45
poly-tyr 1.02 66. 46
poly-asn 0.78 0.1 47
poly-gln 0.98 33. 48
poly-asp 0.78 210. 49
poly-glu 1.35 100. 50
poly-lys 094 1.0 51
poly-arg 1.03 0.1 52
poly-his 0.85 210. 53

mycin cut to N=43, the fractional helicity of tropomycin oli-
gopeptide have been evaluated through experiments.?* and
ws, through the numerical methods.®~%

RTinw,=BTInT+ A+ A T+ A, T? (33)

Skolnick et al. have evaluated the coefficients, B=52.627,
A;=157935, A;=—351.163, A,=0.00 by using the matrix
method at pH=74. In this study the coefficients of hydro-
phobic interactions are elicited from the experimental data
of Skolnick et al’s by using the zipper model that includes
the end effects. The coefficients of ours are shown in Table
4; B=5258, A;=16191.0, A;=—351.912, A;=0.00 (R=0.082
cal/mol K). The values of the coefficients are close to Skol-
nick et al’s except Ao There are little differences in the
coefficients of hydrophobic interaction parameters between
ours and theirs in o tropomycin and GCN4-pl, however
those of GCN4-VL with high melting temperature are very
large. Inserting the values shown in Table 1 into eq. 33,
the variations of w, and w; with temperature have been ob-
tained. w, of tropomycin and GCN4-pl protein in the range
of 0 €-100 T are 3.35-2.69, 3.79-3.57 and the minimum of
w, of those are 34 T, and 36 T, respectively.

In this study the plot of RTlnw vs. temperature (pH 7.4)

The values of A, is zero for all cases and 7, stands for the
midpoint of thermal transition of oligopeptides.

1

0.9
0.84
0.74

0.6
0.5

helicity

0.44
0.3
0.2
0.1

Q T ~r T T T T 3
0 10 20 30 40 50 60 70 80

temperature/C

Figure 2. Helicity vs. temperature for cross-linked oligopeptides.
Solid curve: GCN4-pl, Dotted curve: o tropomycin.

of a tropomycin is very different from that obtained by Skol-
nick et al. These results presumably come from differences
between our model considered in dangling H-bond and theirs
not considered in dangling H-bond. In general the hydropho-
bic interaction is in proportion to temperature. However our
results show that it is not. These phenomena presumably
come from the electrostatic interactions (¢’ and g), the conce-
ntration of proton, and solvent effects (Figure 1). The melting
occurs gradually where w; and ws; have minimum in dimer
and trimer, respectively. The values of hydrophobic interac-
tion parameters (w;) for GCN-VL(7,,=95 ) are 2.98 at 40
T and 228 at 100 T and those for GCN-LV (T,=81 ),
2.75 at 40 C, 218 at 93 T and 2.19 at 100 T.

Fractional helicity- of multimer as temperature.
The fractional helicity of the cross-linked multimer® is inde-
pendent of the concentration of oligopeptides. The fractional
helicity of o tropomycin is 0.95-0.65 in the ranges of 0 C-
78 T, that of GCN4-pl, 0.96-0.87, that of GCN4-VL, larger
than 0.89, and that of GCN4-LV, larger than 0.81 (Figure
2). Proteins such as uncross-linked GCN4-p1 and o tropomy- |
cin (N<43) are melted less than 95 C. The denaturations
of the cross-linked proteins with respect to temperature is
difficult to occur.

Dissociation of multimer as temperature. The fra-
ctional helicity of dimer or trimer are greatly affected by
the helix stability constant, the helix initiation constant, and
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0.5+

helicity

0.4
0.31
0.2

0.1

0

0 10 20 30 40 50 60 70 80
temperature/C

Figure 3. Helicity vs. temperature for noncross-linked o tropo-

mycin. The concentration of a tropomycin is 150 uM. (N=31)

Dotted curve: noncrossed-linked dimer. Soild curve: monomer.

0.71
0.6
0.5

0.4+

0.21 —
0.1

0

0 10 20 30 40 50 60 70 80
] temperature/C

Figure 4. Helicity and mole fraction of dimer vs. temperature

for non-cross-linked GCN4-pl, at N=31. The concentration of

GCN4-pl is 150 uM. Dotted curve: mole fraction of dimer (g).

Solid curve: helicity of noncrossed-linked GCN4-pl.

the hydrophobic interaction parameter. Among them the he-
lix stability constant and hydrophobic interaction parameters
are deeply affected by temperature.

The transition temperature of o tropomycin at 8.19X1077
M (N=43) is 53 T.%* The longer chain is, the smoother slope
of fractional helicity is. The transition occurs rapidly at 22
C where N=29, C,=819X10"7 M. o tropomycin (7,,=41
), GCN4-pl (T,,=53 TC) are always dimer at 150 pM, (N=
31) (Figure 3). The higher melting temperature of GCN4-pl
than that of a tropomycin indicates that the a-helicies of
GCN4-p1 are more stable than that of tropomycin. The slope
of the fractional helicity of GCN4-pl with respect to tempe-
rature is slower than that of a tropomycin. High T,s value
of ‘GCN4-VL and GCN4-LV show that the helix structures
of GCN4-VL and GCN4-LV are very stable. The facts that
GCN4-VL melts at high temperature are explained as fol-
lows; Decreasing the rate of helix stability constant is larger
than the increasing rate of hydrophobic interaction parameter
for temperature (Figure 4, 5).

Fractional helicity as Concentration of Oligopepti-
des. If the concentration of oligopeptide is low enough
(C,<107° M), all chains are monomers. But if that of oligope-
ptide is denser than 8.19X1077 M, the fractional helicity
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0.8
0.81
0.7]
0.6
0.5

0.41

mole fraction

0.3+

0.2+

0.1

o g T i T T
40 50 60 70 80 g0 100
temperature/C

Figure 5. Mole fractions vs. temperature for noncross-linked
GCN4-VL. Dotted curve: monomer, Solid curve: dimer. Dashed
curve: trimer.

0.91
0.8
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0.6+
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helicity
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0.34
0.2

0.14

1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 0.0001
Conc. of oligopeptide/M .

Figure 6. Helicity vs. concentration of noncross-linked GCN4-
p1(N=31). Dotted: 22 €. Solid curve at 37 T.

1

os]
0.81 »
0.7
067 )

0.51

helicity

0.44
0.3

0.2 Y

o4 ...,..\

o}
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temperature/C

Figure 7. Helicity »s. temprature and the length of a tropomy-

cin. The concentration of a tropomycin is 150 uM. Dotted: N=

29. Solid curve: N=36. Dashed curve: N=43 Heavy solid curve:

N=50.

is larger than 0.96. The transition for the concentration of
oligopeptide is sharper than that of temperature. If the con-
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centration of a tropomycin or GCN4-protein is beyond 107°
M, they maintain helical structure at room temperature. a
tropomycin (N=231) has a rapid transition at 3.10X10~° M
(37 ), GCN4-pl protein (N=31) at 34X10~° M (22 ©),
and 164X107%* M (37 C). GCN4-VL has a rapid transition
~at 52X107° M and 70 T (Figure 6).

Transition temperature as chain length. The tran-
sition of a tropomycin and GCN4-pl in a long chain does
not occur even at high temperature. a tropomycin (N=239)
has helix/coil transition at 70 C, but a long chain (N>39)
has not. GCN4-p1(N=235) has helix/coil transition at 70 C,
but the longer chain has not (Figure 7).

Conclusion

Polypeptide, (HPPHPPP)n-, theoretically has many species
of multimers. The general formula for the mole fractions
of multimers are obtained from the relation between chemi-
cal equilibrium constants through the concentration of poly-
peptide and that through partition function. The partition
functions which include end effects for dimer or trimer can
be derived with zipper model, but can not be with the matrix
method. From the partition function of a tropomycin, hydro-
phobic interaction parameters are obtained. These results
are little different from those of Skolnick ef al.’s except A,.
And hydrophobic interaction parameters of other oligopepti-
des (eg. GCN4-pl, GCN4-VL, GCN4-LV) have been obtained.
Hydrophobic interaction energy is the dominant force of pro-
tein folding or oligopeptide multimerization.®~% Statistical
thermodynamic equations for those energies have not been
known, but those energies of small molecules (¢g. H0)* are
in proportion to temperature. In this study o tropomycin
and GCN4-proteins agrees well with the published data, but
the other proteins do not. -

Not only hydrophobic interactions but electrostatic interac-
tions between hydrophilic amino acids exist in oligopeptides
multimers. At the denaturating temperature and concentra-
tion of protein, denaturation of tertiary structure of protein
and secondary structures/coil transition occur simultaneously
(Figure 4 and Figure 5). It indicates that dissociations of
oligopeptide multimers determine the helix/coil transition.
That the helicity of the cross-linked dimer is large at high
temperature, shows that the cross-linked protein must be
very stable. Secondary structure/coil transition® of a concen-
trated solution or a long chain oligopetide cannot be detected
at even high temperature. In general transition through tem-
perature are relatively smoother than through the concentra-
tion of oligopeptide.

In this study thermodynamic properties of dimer and tri-
mer are investigated. Comparison these with the experimen-
tal data such as solution light scattering, CD spectroscopy,
and ultracentrifuge will give useful informations of multi-
mers. %
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Kinetics and Mechanism of Substitution Reaction of
PPN*(n’-MeCp)Mn(CO).Cl- with PR; (R=Me, Et, OEt, CeHs)
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The transition metal carbonylate, PPN*(1-MeCp)Mn(CO),Cl~ undergoes a novel ligand substitution reaction with PR
(R=Me, Et, OEt, CeHs) in THF at elevated temperatures (40 C up to 60 ) under the pseudo-first-order reaction
conditions (usually 20-fold excess of PR; with respect to metal carbonylate concentrations) where chloride is displaced
by PRs. The reaction follows overall first order dependence on {(n*-MeCp)Mn(CO),C1™]; however, the negative entropy
changes of activation (AS*= —19.3 e.u. for P(OEt);; AS*=—164 e.u. for PPhs) suggest the existence of the interme-
diate, (©*-MeCp)Mn(CO)(THF)CI-, which eventually transforms to the product (m*-MeCp)Mn(CO)x(PRy).

Introduction

For the last decades, many chemists observed the nucleo-
philicity of the transition metal carbonylates toward organic
halides and also studied the counterion effect on the reac-
tion.! The displacement of X~ from RX (X~ =halides) by
metal carbonylates usually follows an overall second order
rate law, rate=k,/M(CO),  J[RX] for the reaction (1).

M(CO),” +RX — RM(CO),+X" oY)

The metal carbonylate, however, does not undergo a ligand
substitution reaction with PR; at elevated temperatures prob-

ably due to the strong dn-pn* back-bonding between the me-
tal and the carbonyl carbon. Several years ago we report-
ed on the reaction of M*[M'M"(CO)L]~ (M*=Na*, PPN™;
M’'=Cr, W; M”"=Mn, Re; L=CO, PR,) with PR, where the
heterobimetallic complex contains a donor-acceptor metal-
metal bond.?

In this case, however, ligand substitution reaction could
be accomplished by relieving the high electron density on
Mn onto the Lewis acid moiety, M(CO); M=Cr, W), as
shown in equation (2).

(00)sCrMn(CO)s~ +PR; = Mn(CO);~ + Cr(CO)sPR; (major)
+ Cr(CO)«(PR3); (minor) 2)




Reaction of PPN*(n’-MeCp)Mn(CO).Cl~ with PR;

Tremendous amount of research on the ligand substitution
reaction of the neutral metal carbonyl with PR, has been
performed in the last twenty years including the following
reaction as shown in equation (3).3

Mn(CO)sBr+PR; —> ¢1s-Mn(CO)4(PR3)Br+CO 3

Here we report a rare ligand substitution reaction in which
the metal carbonylate (n>-MeCp)Mn(CO),Cl~ shows Cl~ /PR,
exchange leading to the product, (n*-MeCp)Mn(CO),(PRs).
From the ligand substitution kinetics, the reaction mecha-
nism will be discussed in detail.

Experimental

All operations were carried out under a nitrogen atmos-
phere by using standard Schlenk techniques or an Ar-filled
glovebox. Rigorous exclusion of trace moisture and oxygen
was standard procedure. Solvents were dried and degassed
as described below. Infrared spectra were recorded on a
Perkin-Elmer 283 spectrophotometer using 0.10-mm sealed
CaF, or KBr solution cells. 'H NMR spectra were obtained
from Varian Gemini-200 FT spectrometer in solutions of
CDCl;, DMSO-ds, and CD;OD. The GC-MASS spectral data
were collected from the GC-MASS (Hewlett Packard model
GC 5890), Department of Chemistry Yonsei University (Won-
ju, Kangwondo). Photoreactions were performed by using a
450 watt Hg vapor lamp (Hanovia).

Tetrahydrofuran (THF) was distilled under nitrogen from
purple sodium/benzophenone ketyl. Hexane was stirred over
concentrated H,SO; overnight, washed with aqueous NaHCO;
and distilled from Na’/benzophenone ketyl. Methylene chlo-
ride was refluxed over calcium hydride and distilled under
N.. Ethanol and methanol were distilled from calcium hyd-
ride. Bis(triphenylphosphine)iminium chloride (PPN*CI™)
was purchased from Aldrich. All other reagents purchased
were reagent grade and used without further purification.

Preparation of (n°-MeCp)Mn(CO),(THF). The prepa-
ration procedure of (n*-MeCp)Mn(CO)(THF) is similar to
a method in the literature?

Preparation of PPN*(13-MeCp)Mn(CO):Cl-. Toa N,
-filled 100 mL Schienk flask PPN*CI~ (1.20 mmol) was load-
ed. The system was evacuated for 1 hr and then back-filled
with N,. A 10 mL portion of degassed dichloromethane was
added via a syringe and the solution stirred for several min-
utes. To the PPN*CI™ (1.20 mmol) solution was added a
THF solution (30 mL) of (n®-MeCp)Mn(CO)o(THF) (1.0 mmol)
freshly prepared from the photolytic reaction. This solution
was stirred for 1 hr at room temperature and then the solu-
tion was concentrated to 20 mL under vacuum. Hexane (50
mL) was slowly added to precipitate the product and the

mother liquid was removed via cannula. The solid was wa-

shed with hexane until the washings were colorless. After
removal of the hexane, the solid product was redissolved
in THF (20 mL) and passed through Celite-containing glass
filter. Hexane was slowly added to the solution as the preci-
pitation began. The fine red brown solid was separated and
dried in vacuo to give 0.5 mmol of the product (50% yield).

PPN*(n*-MeCp)Mn(C0).Cl-. v(CO)IR (THF) in cm™},
1893 (s), 1816 (s). Anal. Calcd for CyHzNO.P.Cl: C, 69.16;
H, 4.88; N, 1.83. Found: C, 69.42; H, 5.72; N, 1.82. 'H NMR
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(DMSO-dg) in & (ppm): 4.10 and 3.93 (4H, 2s), 1.60 (3H, s)
along with the peaks from PPN™ cation.

Identification of (n>-MeCp)Mn(CO),(PR;) (R=Me,
Et, OEt, C¢Hs). To a N,filled 100 mL Schlenk flask was
loaded PPN*(n>-MeCp)Mn(CO),Cl~ (1.0 mmol), followed by
the addition of a 40 mL portion of degassed THF via syringe.
PR; was added to the dark-red solution, and the reaction
mixture was heated in a water bath at 60 C. The progress
of the reaction was monitored by the V(CO)IR bands of the
product, (n®-MeCp)Mn(CO),(PRs) (R=0Et, C¢Hs) (10-12 hr).
The other reaction products (n°-MeCp)Mn(CO),(PR;) (R=
Me, Et) were quickly obtained on mixing the reactants, which
confirmed by the IR spectroscopy. The vacuum-dried reac-
tion mixtures were extracted into hexane and passed
through a Celite-containing glass filter to isolate the PPN
*ClI~. The hexane was removed under vacuum from the yel-
low filtrate at about 60 C yielding a yellow oily mixture.
Thin layer chromatography under nitrogen of a drop of this
oil on a silica gel plate (Whatman #4420-222) in a 4:1 he-
xane-THF mixture shows the presence of (n>-MeCp)Mn(CO);
Rf=0.88), ("-MeCp)Mn(CO),[P(CsHy)s] RE=0.71), [P(CeHs)s]
(Rf=0.03). The orange-colored product extracted from the
yellow oil by the column chromatography under nitrogen tu-
rned out to be (n*-MeCp)Mn(CO),[P(CcHs)s]. The eluent
used was a 4:1 hexane-THF mixture. The other products
(n*>-MeCp)Mn(CO)»(PR;) (R=Et, Me, OEt) were obtained as
pure compounds under vacuum. The spectroscopic data are
as follows: (1>MeCp)Mn(CO)(PEt;): w(CO)IR (THF) in
cm™: 1918 (s), 1852 (s). 'H NMR (CDs;OD) in 8 (ppm): 4.35
(4H, d), 1.99 (3H, s), 1.71 (6H, m), 1.12 (9H, m). Mass, m/e
[relative intensity, assignment]: 308 [14, (n>-MeCp)Mn(CO),
(PEts)], 252 [100, (n>-MeCp)Mn(PEts)], 134 [32, (n’-MeCp)
Mn]. (n*-MeCp)Mn(CO),(PMe;s): v (CO)IR (THF) in cm™%:
1915 (s), 1849 (s). 'H NMR (DMSO-dg) in & (ppm): 4.44 (4H,
d), 1.88 (3H, s), 1.39 (9H, d). Mass, m/e [relative intensity,
assignment]: 266 [10, (n>-MeCp)Mn(CO)(PMes)], 210 [85,
(n*-MeCp)Mn(PMey)], 134 [100, (n°-MeCp)Mn]. (n*-MeCp)
Mn(CO),[P(OEt);]: v (CO)IR (THF) in cm™': 1935 (s), 1870
(s). 'H NMR (DMSO-de) in & (ppm): 447 (4H, s), 3.85 (6H,
m), 1.87 (3H, s), 1.19 (9H, m). Mass, m/e [relative intensity,
assignment]: 356[13, (>-MeCp)Mn(CO);[P(OEt);]], 300
(100, (n>-MeCp)Mn[P(OEt);1], 134 [44, (n*-MeCp)Mn]. (n*-
MeCp)Mn(CO)(PPh;): v (CO)IR (THF) in ecm™': 1927 (s),
1963 (s). '"H NMR (CDCly) in & (ppm): 7.56 (15H, m), 4.18
and 4.04 (4H, 2s), 1.93 (3H, s). Mass, m/e [relative intensity,
assignment]: 452 [6.34, (n®-MeCp)Mn(CO)s(PPhs)], 396 [100,
(n*-MeCp)Mn(PPh;)], 134 [39, (n5-MeCp)Mn].

Kinetic Measurements. The kinetic experiments were
carried out in a dried 10 mL volumetric flask securely fitted
with a rubber septum. In a typical kinetic experiment, 0.05
mmol of an anionic transition metal carbonyl complex was
loaded into a 10 mL volumetric flask in a drybox. The flask
was removed from the drybox, and the respective THF solu-
tion of triethylphosphine, trimethylphosphine, triphenylphos-
phine, or triethylphosphite of known concentration was ad-
ded by a syringe. This solution was stirred until it was ho-
mogeneous and placed in a Haake water bath equipped with
a constant-temperature controller (+ 0.1 C). Samples for IR
spectral analysis were withdrawn periodically with a syringe
and placed in a sealed 0.1 mm pathlength KBr or CaF; infra-
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Table 1. Solution IR Spectral Data for M*(n>-MeCp)Mn(CO),Cl~
M*=K*, PPN*, K*(18-C-6)) and (n*-MeCp)Mn(CO).PR; R=
Me, Et, OEt, Ph) in THF

Complexes v(CO), ecm™!
(n°-MeCp)n(CO), 2010(s), 1924(s)
(®°-MeCp)Mn(CO)(THF) 1920(s), 1845(s)
K*(ns-MeCp)Mh(CO)zCl_ 1891(s), 1814(s), 1802(s)

K*(18-C-6)m>*-MeCp)Mn(CO),Cl~
PPN* (1°-MeCp)Mn(CO),C1-
(*-MeCp)Mn(CO),(PMes)
(n°-MeCp)Mn(CO),(PEt;)
(n®-MeCp)Mn(CO):(P(OEt)s)
(n*-MeCp)Mn(CO),(PPhs)

1895(s), 1816(s)
1893(s), 1816(s)
1915(s), 1849(s)
1918(s), 1852(s)
1935(s), 1870(s)
1927(s), 1863(s)

red solution cell. Rates of reaction were observed by follow-
ing the disappearance in absorbance of the reactant’s v (CO)
IR which did not overlap with the other carbonyl bands:
PPN*(n>-MeCp)Mn(CO),Cl~ at 1816 cm™.,

Under the pseudo-first-order reaction conditions, rate con-
stants were calculated using a linear least-squares program
for the first order rate plots of [A,-A,] vs time, where A,
is the absorbance at time ¢ and A, is the absorbance at
time infinity.

Results and Discussion

The synthesis of the anionic transition metal carbonyl com-
plexes was achieved by the simple addition of labile ligand
to the derivatives of group 7 metal carbonyls, (n>-MeCp)Mn
(CO)(THF) with PPN*Cl~ or K*(18-C-6)Cl~ as depicted in
equation (4).

PPN*Cl~/CH:Cl, + (n*-MeCp)Mn(CO)(THF) —
PPN* (n*-MeCp)Mn(CO).Cl~ €Y

The reactions were complete at time of mixing (ambient
temperature), yielding products which were isolated by pre-
cipitation in 50 to 80% yield. The brown crystalline products
were stable for a few days under nitrogen.

Comparison of the v (CO)IR for (n°>-MeCp)Mn(CO)L
(L=Cl-, THF, CO, PMe;, PEt;, P(OEt);, PPh;). For
a series of analogous 1®-MeCpMn(CO),L (L=CO, Ci~, PRy;
R=Me, Et, OEt, Ph) complexes, CO stretching frequencies
are employed as a means to assess the relative electron den-
sity at the metal center. (See Table 1.) The assumption made
here is that the increased electron density at Mn will be
reflected by the increased back donation into the n* orbital
of the CO ligand resulting in lower v (CO)IR (cm™?). Based
on this assumption, the relative electron donating ability of
ligands is as follows:

Cl~ >PMe;~PEt;>THF>PPh;>P(OEt);>CO

In the case of M*(n>-MeCp)Mn(CO),Cl~ (M*=K*(18-C-6),
PPN™*) in Table 1, two v (CO)IR bands (1895, 1816 for M+
=K*(18-C-6) salt; 1893, 1816 for PPN™ salt) were observed;
however, the spectrum of K*(n>MeCp)Mn(CO),Cl~ shows
three bands (1891, 1814, 1802), among which one band (1802
cm~) may be ascribed to the interaction between Mn-CO
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(M'= K';X=Cl)
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Figure 1. Interaction modes of cation with (n*-MeCp)Mn(CO),
Cl~ anion.

Table 2. The Relationship between P(OEt); Concentrations and
the Rates(®,;) of the Reaction of PPN*(n®-MeCp)Mn(CO),Cl™ in
THF at 50 T

[PPN*(n°>-MeCp)Mn(CO),Cl"] [POEt)s] kX105, 57!
M(X10% M(X10%)
5.0 25 164+ 0.7
5.0 50 18.7£ 0.6
50 100 1581 0.4
50 200 164+ 1.0

Table 3. The Relationship between PPh; Concentrations and
the Rates(k..) of the Reaction of PPN™(n>-MeCp)Mn(CO),Cl~ in
THF at 50 €

[PPN*(n>-MeCp)Mn(CO),Cl"] [PPh;]

k.,bsX 106, S«1

M(X10%) M(X10%
50 25 101+ 04
5.0 50 101+ 04
50 100 12.0+ 04
5.0 200 13.0+ 0.6

and K*. (See Figure 1(a).) In this case, those contributions
from the interactions depicted in Figure 1(b) and (c) may
essentially be minimal because the stretching frequencies
of the two peaks (1891, 1814 cm™Y) are not higher than those
of K*(18-C-6)(n*-MeCp)Mn(CO).Cl~ (1895, 1816 cm™1). Even
the interaction shown in Figure 1(a) vanishes in the case
of K*(18-C-6) salt, where the crown ether (18-C-6) effectively
interrupts the interaction by complexing K* cation.
Reaction of PPN*(n°-MeCp)Mn(CO);Cl- with PR;
(R=Et, Me, OEt, Ph). The reactions of PPN*(n’>-MeCp)
Mn(CO),Cl~ with an excess amount of PR; were carried out
in THF solution at the various temperatures (r.t. to 60 T).
The reaction products (n*-MeCp)Mn(CO),(PR;) were obtained
as depicted in equation (5). ‘

PPN*(n*-MeCp)Mn(CO).Cl- +PR; —
(m>-MeCp)Mn(CO)(PRs)+PPN*Cl~ )
Reactions of PPN*(1n°-MeCp)Mn(CO),Cl~ with an excess
of PR; (5 up to 40-fold excess compared with the concentra-

tion of the complex) were performed in THF and monitored
with time by v (CO)R (Table 2, 3). As is shown in Table




Reaction of PPN (>-MeCp)Mn(CO),Cl~ with PR,

Table 4. Temperature Dependence on the Rate of the Reaction
of PPN*(n5-MeCp)Mn(CO),Cl- with P(OEt); in THF*
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Table 7. Ligand Dependence on the Reaction of PPN*(ns
MeCp)Mn(CO).Cl~ with PR; (R=Me, Et, OEt, Ph) in THF*

Complex Temp. (C)  kusX108, st Ligand Temp. (C) Ligand Cone Angle (°) kX 10°, st
PPN*(n5-MeCp)Mn(CO).Cl~ 40 64+ 0.2 PMe; 20 118 b
45 10.1+ 0.6 PEt; 20 132 b
50 164+ 1.0 P(OEY); 40 106 64+ 02
60 452+ 15 PPh; 40 142 43+02

*[PPN* (n>-MeCp)Mn(CO).Cl-]=5.0 mM; [P(OEt);]=100 mM.

Table 5. Temperature Dependence on the Rate of the Reaction
of PPN*(n*-MeCp)Mn(CO).Cl- with PPh; in THF*

Complex Temp. (C) kX108, 57!
PPN (n>-MeCp)Mn(CO),Cl~ 40 43+0.2
45 - 6.8+0.3
50 12.0+ 04
60 345+ 09

*[PPN*(n*-MeCp)Mn(C0),C1"1=5.0 mM; [PPh;]=100 mM.

Table 6. Activation Parameters from the Reaction of PPN*(n®
MeCp)Mn(CO),Cl~ with PR; (R=O0Et, Ph) in THF*

Ligand Activation Parameters

P(OEt); AH'=19.8+ 0.6 kcal/mol
ASt=-193+18 eu.

PPh, AH'Y =210+ 15 kcal/mol
AST=—-164146 en.

*[PPN*(n°-MeCp)Mn(CO).Cl-]=5.0 mM; [PR,]=100 mM.

2 (for P(OEt);) and Table 3 (for PPhs), each reaction follows
a first order dependence on [(n’-MeCp)Mn(CQ),Cl"PPN*]
and no dependence on [PR;3] (R=OEt, Ph) within the expe-
rimental error range.

rate=k; [PPN*(n*-MeCp)Mn(CO),X"] ©

The reaction rate was also observed to be enhanced with
temperature (Table 4, 5) under the pseudo-first-order condi-
tions.

Determination of Activation Parameters. The first
order rate constants, k;, were measured for the reaction of
PPN*(n>-MeCp)Mn(CO),Cl~ with PR; (R=OEt, Ph) in THF
as a function of temperature and the activation parameters
were calculated from the Eyring plot. The activation parame-
ters (AH*=19.8+ 0.6 kcal/mol, AS*=—19.3%+ 18 eu. for P
(OEt);; AH*=21.0% 1.5 kcal/mol, AS*=—164+ 46 e.u. for
PPh;, see Table 6) both suggest that the associative ligand
substitution may take place at the rate-determing step. How-
ever, the rate solely depends on the concentration of the
metal complex. These two apparently opposite results may
be compromised by the introduction of the coordinating sol-
vent, THF. The PPN*(n*-MeCp)Mn(CO),Cl~ on heating may
accomodate a THF molecule first, as is represented by the
negative entropy change of activation and the overall first-
order dependence on the concentration of the metal complex
as well.

“[PPN*(n5-MeCp)Mn(CO),;C1"1=5.0 mM; [PR:;]=100 mM.
*These reactions are too fast to measure the rates by the method
used here.

Mechanistic Considerations. It looks rather surpri-
sing to observe that the incoming ligand PR; (R=Me, Et,
OEt, C¢Hs) does have the major effect on the reaction rate
as shown in Table 7.

It is generally accepted that in the associative ligand sub-
stitution reactions, there is a pronounced steric retardation
with the increasing cone angle of PR, regardless of phos-
phine basicity; however, in this reaction, the dominant factor
contributing to the enhanced reaction rate appears to be the
basicity (or nucleophilicity) of the ligand, PR;, definitely not
the steric factor of the ligand.* The fact that electronic factor
of the incoming ligand determines the rate may partly be
related to the electronic environment of the site for attack,
Mn, by the incoming ligand. The manganese metal center
should be electron-deficient, to some degree, at the time
of attack by the ligand; therefore the better o-donating ligand
could more effectively attack the metal center than the other
ligands (P (OEt)s, P(C6H5)3) do.

The relatively low electron density buildup on the Mn
center could be achieved through the structural reorganiza-
tion, where an appropriate energy is applied; e.g., the shift
from n°-MeCp to n3-MeCp creating an open coordination site’
and also the electron density on Mn can be pulled over
by the electron withdrawing ligand, Cl-, simultaneously.

This n*-MeCpMn(CO),Cl PPN*, although it is a charged
species, is assumed to be a 16 electron species; therefore,
this complex may accomodate another two electron donor
ligand, either the coordinating solvent, THF, or PR;. How-
ever, the Mn-Cl bond should be cleaved with the formation
of PPN*CI™ leading to the stable neutral intermediate, 1’
MeCpMn(CO).(THF) prior to the attack at the metal center
by PR; ligand.

The intermediate (>-MeCp)Mn(CO)(THF) can survive for
hours at ambient temperature under N, At this stage, the
electronic factor of the ligand, PR;, may be little related to
the reaction rate because the neutral intermediate, n’-
MeCpMn(CO),(THF), no longer demands either steric or
electronic enhancements from the PRs.

As no kinetic data could be obtained from the reactions
with the PR; (R=Me, Et) due to the very fast reaction,
(These reactions cannot be followed by the v (CO) IR spec-
troscopic method employed here) it does not yet appear to
be certain whether these reactions with PRy (R=Me, Et)
are in the associative ligand substitution mode or not; how-
ever, the incredibly fast reaction (%,,,=1.7X107% s~! for PMe
3 at 1:1 molar ratio with respect to [(MeCp)Mn(CO)gCI ]
at ambient temperature; this reaction rate is almost 10° times
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Figure 2. Proposed reaction sequencies for PPN*(n*-MeCp)Mn
(CO)XCl~ with PR; (R=Me, Et, OEt, Ph).

faster than that for P(OEt);. See Table 3) may drive us to
believe that the strong nucleophile, PR; (R=Me, Et) may
directly attack at the Mn center of the PPN*(n*-MeCp)Mn
(CO)Cl~ to yield the corresponding product, n*-MeCpMn
(CO)«PR3). Therefore, the reaction mechanism involving a
dissociative ligand substitution seems to be related to the
weak nucleophilicity of the incoming ligand, PR; (Figure 2).
This situation may as well be compared with the nucleophilic
substitution reactions (Syl vs Sa2) depending on the struc-
ture of the substrate and the nucleophilicity of the nucleo-
phile involved. More in-depth fast kinetic study at low tem-
perature on the same reaction with PR; (R=Me, Et, etc)
should be done later in the near future.
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