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Scheme I. Conversi,on of
Dineopentylbis( triethylph osphine )platinum( II ) to

Bis(triethylphosphine )- 3, 3-dimethylplatinacyclobutane
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cleave unactivated carbon-hydrogen bonds ("unactivated'
in the sense of having neither adjacent unsaturation nor
heteroatoms) are well-known.6'11-17

(11) Hietkamp, S.; Stufkens, D. J.; Vrieze, K. J. Organomet. Chem.
1977, 139,189-198.
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Thermal decomposition of dineopentylbis(triethylphosphine)platinum(Il), 1, Pt(CHr9(CHr)r)r(P(C4u)Jr,

ylelqs_lgqpentane and bis(triethylphosphine)-3,3-dimethylplatinacyclobutane, S, Pt(CH2C(CHJ2CH2)-
(P(CzHJJz. Compound I crystallizes with four molecules in space sroup 6r-CZlc of lhe monoclinic
systeryinacellat-158 oC of dimensions o = 8.776 (2) A, b = t7.i6t (3tA, c = fZ.Oeg (g) A, and B = 109.62
(1)'. The structure has been refined to an R index on P of 0.035 for 6877 observations and 115 variables.
Compound t has,grystallographically imposed C2 symmetry. Compound 5 crystallizes with four molecules
r.n qpace group Ct,-Pn2ra of the oitho_ihombic system in a cell ut -tSA "C;f dimensions d = 15.947 (3)
A ,  b  =  1 4 . 3 0 1  ( 2 )  A , a n d c  =  9 . 3 8 3  ( 2 )  A .  T h e s t r u c t u r e h a s b e e n  r e f i n e d t o a R  i n d e x o n 1 2 o f  0 . 0 3 2 f o r
3255 observations and 181 variables. Some average metrical parameters for I and 5 respectively are as
fol lows: Pt-P, 2.32? (L),2.285 (2) A; Pt-C,2.118 ( f ) ,  z.Ogs (3) A; P-C, 1.839 (2),  r .827 (2)^A; C-Ciethyl) ,
L .525(3) ,  1 .521 (a )A;  P  f t -B ,q4 .09(3) ,  103.01  (9 ) " ;  C-Pt { ,85 .5(1) ,6? .3(3) " .  In l theneopenty lg .o , rp
is of normal gggmgtry with a C{(terminal) {istance of 1.529 (3) A; in 5 the C{ distances of the-metallacyclb
average-1.535 {6) A and the B-C atom is 0.38 A out of the plane through PPPICC. A comparison of structures
of I and 5 indicates that 1 is significantly sterically congested and suggests that relief of this congestion
may be an important component of the thermodynamii driving force-for the conversion of 1 to 5.

Introduction

The cleavage of carbon-hydrogen bonds of saturated
hydrocarbons occurs readily over supported or bulk tran-
sition metals.2-5 Only a few examples of analogous reac-
tions involving soluble transition metals have been re-
ported,6-10 and rigorous proof that metal colloids are not
involved in these reactions has been difficult to construct.
By contrast, homogeneous intramolecular reactions which

(1) (a) Northwestern University. (b) Massachusetts Inetitute of
Technology.

(2) Sinfelt, J. H. Science (Washington, D.C.) L977, 1gS, 64t-546.
(3) Clarke, J. K. A.; Rooney, J. J. Adu. Catal. L976,25,12b-184.

_ !4) lnoue, Y.;Herrmann, J. M.; Schmidt, H.; Burwell, R. L., Jr.;Butt,
J. B.; Cohen, J. B. J. Catal.1978, 53, 401-419.

(5) Foger, K.; Anderson, J. R. J. Catal.1978,54,918-Agb.
(6) Review: Webster, D.E. Adu. Organnmet. Chem.lg77, 15,14?-188.
(7) Crabtree, R. H.; Mihelcic, J.M.; Quirk, J. M. "/. Am. Chern. Soc.

1979, 101,7739-7740.
(8) Baudry, D.; Ephritikhine, M.; Felkin, H. J. Chem. Soc., Chem.

Commun. 1980, L243-L244.
(9) Shilov, A. E. Pure Appl. Chem. 1928, 50,72b-799.
(10) Garnett,J.L; Long, M. A.; Peterson, K.B. Aust.J.Chem.lg?4,

27, L823-r825.
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one group of these reactions, cyclometalation reactions

involviig platinum(Il), is now relatively well characterized

-.chatrliically.l6'1? The best defined of these reactions

is the .orruur.ion of dineopentylbis(triethylphosphine)-
platinum(II) (l) to bis(trielhylphosphineL3,3-dimethyl-

it"ti"".v.lobutane (b) and neopentane.l6 The mechanism

iitfri. f,ro..*r involves three steps (Scheme I): creation

of a vacant coordination site on platinum by dissociation

oi pttotpftine (1 - 2\,oxidative addition of a methyl C-H

Uond frbm a neopentyl group to platinum(Il) (2 .* 3), and

reductive elimination of ttuopentane from the resulting

adduct (3 * 4). we have proposed the conversion of 3 to

4 to be iate limiting, on the basis of the high Arrhenius

;;;t"";ntial factJi for the reaction (l9g A = 20 t 2) and

ift. rig"ificant kinetic isotope effect (kryl\o-7.3)'tG

Wh; does the cleavage of unactivated C-H bonds by

uaJitil" to soluble organoplatinum species occur readily

onty *tt.tt the cleavage reaction is intramolecular? The

-"ih*irm outlined in Scheme I provides a foundation on

which to construct an analysis of the factors that facilitate

intramolecular C-H activation by metals, and we hope

ultimately to answer this question. As one step in this

analysis, we must be able to rationalize the direction of

the reaction: why does it proceed in the sense of I * 5

* neopentane, ."lh.t than the reverse? We submit that

the answer to this question is not obvious. Simple con-

siderations of bond strengths give no clue, since to a first

approximation the sums of the bond energies of reactant

"id 
ptodrrcts are the same.l8 The platinacyclobutane ring

*."rrr. to have no large stability or instability associated

*ith it, since in re1utld reactions five- and six-membered

pr"ti"".v.les form in competition with it.17 The conversion

of I to 5 is accompanied by changes of unknown magnitude

in the bond angles, bond lengths, and electronic structure

or trr. P2PIC2 
-moiety: 

these changes might involve sig-

nificant.h"ttg.r in energy. The starting material is un-

doubtedly sterically congested, and expulsion of a neo-

pu"t""r moiety shoutd heip."o relieve this congestion. The

;;;i"" produces two paiticles from one and is entropi-

.Jfv f"rored on that basis.le'2o Which one (or several) of

th.su factors determines AG for the reaction?

tn. only factor for which it is possible to obtain a useful

theoretici estimate is the change in entropy. We assume

(12) Crocker, C.;Errington, R. J';Markham, R'l Moulton, C'J';Odell '

K.  i . ; 'Sh; ; ,  B. 'L.  J .  Am' Chem. Soc.  1980'  102,43-73-4379'-- 
ai3iftenen, R. A; jotto, R. A'; Wilkinson' G' J' Chem' Soc" Dalton

Trans.1978, 446-453.-  
t in l  Ki f fen,  A.  A. ;  Masters,  C. ;  Raynand,L '  J '  Chem' Soc" Dal ton

Trans.1975, 853-857.- 
iGi a 

"vtm-.t"tation 
reaction analogous ro that of formation of 5

fro--i tt"J U""n observed for a bie(triphenylptrosptrine)dineopentl'l-

"j.t"ftUi*-pi"r, 
C"ubbs, R. H. 'lroce_edlngi of tne First llternational

Sr;6ti"- oi ffo-og"""ous Catalysis', Corpus Christi' TX' Nov 29-

Dec 1, 19?8."' i la) 
F;I"y, P.; DiCosimo, R.; Whitesides, G' M' J' Am' Chem' Soc'

t980, 102,6713-$725.^- 
1i?i rfroot", S'S.; DiCosimo, R.;Sowinski, A' F';Wh-ite:ides' G' M' J'

Am. Chem. Soc. 198i, iOS,gq|-g19. The estimated difference in ring

strain between structurally similar platinacyclobutanes and platinacy-

;i;;;;il;. i. t".. th; b kcal molr. An estimate from calorimetric

ia;if"i""ti J ."rrrning' J"ioti-"t"V l 
" 
te m in_ation of P tC 12 ( 9gH) 

( nrr ) z a1d

i"f"t"J-"t"ff""V.l".."gi"rts strain of -12 kcal mol-l. (Puddephatt, R.

i.-Ciiri. Ci,em: Reu.1550, 33, 149-194.) These estimates are not nec-

;;;ily i";;mpatible, sitt"! ttr" PI(II) and Pt(1y) complexes have dif-

ferent degrees of crowding^'-ii-dlbi" 
C-ff Uo"J *ionu C-Pt bond are broken in the reaction' and

o"J 
"1* 

c:rt tond ,"a o"" c-pt bond are formed. There is presently

"o*"voft.t imatingdiff"r"n."rintheenergiesofthegldand-newbonds'
'^" 

i1!i ri"*"", s. 
"w.-;iti"r-ochemical Kinetics-; wiley:. N-ew York,

1gd6; 
'chil;er 

3, Bent-H. A. -The second Law"; oxford university

Press: New York, 1965.- -il,til 
p"g., M. t. ense*. Chem.,Int. Ed' Erygl.l!77,,-!6' 449-459' Pase'

M. ' I - . ;J ; ;kr ,  W-p.  i loc.  Natt . 'Acod.  Sci '  U'S'A'  1971,68'  1678-1683'

t ip."o-b,  W. N. Ciba Found. Sy^p'1978,60, l -22'

/bers .  I ) t ( ' , , s in l ,  t .  and  Whi tes ides

that AS is dominated by the change in translational en-

ir"pv (that is, making i*o particles from one)' At the

;;;;";";ut. (tsz 'C) and concentration used (0'1 M

i.".i*t and products), ASrr"'olarion - 14-16 kcal mol 1'21

Ct e equilibrium constant from this contribution alone is

sufficiently large that the concentration of 1 at equilibrium

*o"ra be unde-tectable by direct observation (eq 1 and 2).

K(L57 oC, ?Astransration) = [5][CsHrz] /Ul = 6 x 107 M
(1)

[ 1 ] " q , r 1 i b . i u - o . 1 0 - 1 o M  
( 2 )

Thus it is clear that entropic considerations by themselves

are suff icient to rat ional ize both the conversion of I  to 5

and the apparent  absence of  the reverse react ion or  o f

reaction of ;  ,vi th other hvdr.carb<tns under condit ions in

which i t  dec0mp,ses ( to  i imethv lcvc lopropane) . : r . '2 ' r  The

fact the T.\s,,"; .r", i , ,n is suff icient to account for the pres-

ently avai labie eiperimental .bservations d.es not mean'

t o*Lu.r,  that this entropic term is necessari l l '  the domi-

nant contr ibutor to lG ior the reaction. \1'e ult imately

,,eed to know both the magnitude of lG and i ts contr ib-

ut ing components to undeitand this C-H bond-breaking

,.u.[ ion. We have avai lable experimental approaches to

if .r .  i i "g strain in the plat inacyclobutane^^ti tg' t t  To

evaluat! steric effects and local electronic effects, we re-

quire accurate structural data for reactant and product'
'ihi. p^p.r provides these data'24

Experimental Section

Theplat inumC0mpoundswerepreparedasdescr ibedprev i -
ousl; 16'Crl.stals of the dinecpentyl complex 1 were readily ob-

tained by iecry.stallization from pentane. crystals of the me-

tallacycle 5 weie very difficult to grow. Ultimately the following

pt*J*" led to suitaUt" crystals' nbo"t 100 mg of 5 was dissolved

in the minimum amount oi methanol necessary to effect solution

*i O .C. The solution was filtered through a 0.5-pm Millipore

iilt"r. The filtrate was kept at 0 oC, and argon was very slowly

tuuur.a through water at room temperature and then pa^s.sed over

if," top of the-methanol solution. After 48 h the cr1'stals which

had slowly formed were collected by decanting away the methanol

solution. The crystals were not washed but were immediately

sealed under argon.--Ft 
otog.aphic-examination at room temperature_of,a crystal

of I indiciated that the material belongs to the monoclinic system'

.p""t gt""p C2lc or Cc' The absences observed at -158 oC on

apickJr diffractometer are consistent with the room-temperature

resu]ts.ontheotherhand,acrystalofSdisplaysthesystematic
absencesofspacegroupC222loftheorthorhombicsystematroom

r]lrQrral i tat ir 'eargumentsoutl inedbyPageandJen.ckssuggestT-\S"
_ f O; kcal mol 

"i-'ifb 
K either considering translational terms alone

* 
"rli-uling 

all oi iii" t"t-..'o Correction to concentrations of 0'1 M

should add R I" (g.it - il kcal/mol to their estimate' Additional

corrections arising'irom peculiarities of the structures of I and 5 cannot

be made with useful accuracy'"- 
a2D ih;;-"r a"""-p.sitinn or cyclohexane solutions of 5 in the

presence ur -"..riyioi,ir" performed in sealed tubes at 178 'c by using

ili,ii,j"".rv J"r.iiu'"J pr*"i*"r.tu The appear.ance. of 1,1-dimethyl-

cvclonropan" (-ottitotia by GLC) was first order in 5 through t half-life:

;{ti:til lo-;;:i.- E;;-l""tio" of reaction mixtures from thermal

decomposition. oi5'i"-"y"tott"tane, isoocta!9' 91 2'2'4 A-tettamethyl-
o""tt"l, *a in the presence,of mercury(0) by 3lPllHl 

IJMF spectroscopy
;;;Ttai;ai""t"a'no pilducts *et" fotm-"d by oxidative.addition of

blH Uo.,ar of the soluent to the platinum complexes in solution'- 
iisl nfi., L.; SL.t, A.; Halpern ' J' J' Am' Chem' Soc' 1978' /00'

29|5_29|6.Theseauthorshavepresentedconvincing-evidencethatad.
aiti." JCff. t" pfppnrj, ir * endergonic reaction. Even if the addtrct

;i;"h),d.;"iuo" .oru"ni to platinum 
-were 

not stable, however, it might

.iiii ti a"t"cted through its decomposition products (for example, cy-

clopentene from cyclopentane)' ' . ."'"iidl 
nprelimin'ai'-L."t"i 9f this work was presented at the Second

htlrnationaf Symposium on Homogeneous Catalysis' Dusseldorf' Sept

1980.



C y c lorne t alation Re ac tions I nu oluing Platinum(I I)

Figure l .  The unit cel l  of PI(CH2C(CHJJ2(P(C2H5)J2
complete some of the molecules. Here and in successive
which have been drawn artificiallv small.
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(1). All atoms in the cell are shown. Additional atoms have been added to
figures the 50% probability ellipsoids are shown, except for hydrogen atoms

Figure 2. A stereoview of an individual molecule of PI(CH2C(CH3)3)2(P(C2HJ3)2.

temperature but those of Pnma or Pn2p at -158 oC. The phase
transition is a smooth, nondestructive one.

Data collection proceeded by methods standard2s at North-
western. Table I presents crystallographic details on the two
compounds. In each instance the crystal used was of excellent
quality, leading to more extensive data sets than usual.

The structure of compound I was solved by Patterson methods
and refined by our standard least-squares procedures.% That the
compound crystallizes in space group C2lc, and hence has a
crystallographically imposed twofold axis, was apparent from the
course of the refinement and from the fact that Friedel pairs show
an R index for averaging of 1.0%. After anisotropic refinement
of the nonhydrogen atoms, the positions of the hydrogen atoms
of the six independent methyl groups and three independent
methylene groups were apparent. These positions were idealized
(C-H = 0.95 A) and were held fxed in the final cycle of anisotropic
refinement of Fo2. This final cycle also included an isotropic
extinction parameter. The refinement converged to the ft indices
indicated in Table I.

Compound 5 was also solved by Patterson methods. It became
apparent that the compound crystallizes in the noncentrosym-
metric, polar space group Pn2p rather than the centrosymmetric
group Pnma. The correct enantiomer was established from the
B indices of refinements of the two possibilities and by comparison
of those 147 Friedel pairs of reflections whose intensities were
greater than 400 e2 and differed by more than \Vo. The positions
of the hydrogen atoms of the eight methyl and four methylene
groups were apparent in a difference Fourier map obtained after
the first cycle of anisotropic refinement of the nonhydrogen atoms.
These positions were idealized and held fixed in the final cycle
of anisotropic refinement on P. It is interesting that this final
cycle also necessitated an isotropic extinction correction, despite
the fact that the crystal had undergone a phase transition between
room temperature and -158 'C. This refinement converged to
the B indices given in Table I. In each instance analysis of R
indices as a function of Miller indices, lF"l, and setting angles
revealed no unexpected trends. The principal peak in each of
the final difference Fourier maps is a.sociated with the Pt position
and is 1.5 (2) and 1.2 (2) elL3, respectively, for l and 5. Par-

Figure 3. The inner coordination sphere of Pt(CHzC(CHe)s)z-
(P (C2H5) r r )2 .

ticularly for l, where the data set extends to 0.86 A-1, there are
indications that the residual density results from bonding effects;
further analysis of the data is underway.

Table II lists the final parameters for I and Table III the final
parameters for 5. Tables IV26 and V26 list values of 10lF.l and
10F.1 for the two structures. A negative entry indicates that F.2
was observed to be less than zero. Tables VI26 and VII26 present
the root-mean-square amplitudes of vibration of I and 5, re-
spectively. Because the structure determinations were carried
out on crystals maintained at -158 oC, these amplitudes are small
and unexceptional.

Descript ion of the Structures and Discussion

The crystal structure of 1, PI(CH2C(CHJ3)2(P(C2HJJ2,
consists of the packing of four molecules in the unit cell,
as shown in Figure 1. The shortest intermolecular in-
teraction is calculated to be 2.32 L between two H(2)C(10)
atoms. A stereoview of an individual molecule is shown
in Figure 2, and Figure 3 shows the inner coordination
sphere along with some important bond distances and
angles. Other metrical parameters are given in Table VIII.
Similarly, the crystal structure of 5 is shown in Figure 4.

(25) Jameson, G. B.;Ibers, J. A. J. Am. Chem. Soc. [980, 102,2823-
2831; Doedens, R. J.; Ibers, J. A. Inorg. Chem.1967, 6, 204-210.

g q o g ( : f 8 5 5 ( t )

(26) Supplementary material.
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Table I. Crystallographic Details for 1 and 5

compd Pt ( cH ,C(CH, ) , ) , (P (C ,H , ) , ) ,  (  1 ) Pt (CH,C(CH 3)rCH,XP(C,Hs)3) ,  (5  )

formula
f w, amu
space group
a r A

b , A
C , A
0 ,  deg
vol, A3
Z
Pobsa(  25"C) ,  E lcm'
P"ara( -158 "C) ,  g lc r r ,3
l inear abs coeff,  cm-'
bounding cryst faces

cryst vol,  mm3
radiat ion

data col lect ion temp
transmission factors
detector aperture

takeoff angle, deg
scan speed
29 l imits
bkgnd counLs

scan range

data collected
P
unique data
final no. of variables
R (on F')d
,R*  (on  F2 )a
error in observn of unit wt,

electrons
.R (on F)d Fo"  >  3o(Fo '?)

c 22Hs2P 2Pt
5 7  3 . 7  0
Cin-C2lc
8 . 7 7 6  ( 2 )
1 7 . 7 6 1  ( 3 )
1 7 . 6 6 e  ( 3 )
1 0 e . 6 2  ( 1 )
2594
i=
1 . 3 e  ( 3 )
1 . 4 6 8
5 5 . 9
{ o o 1 }  ( 0 . 1 ? o ) , o  { o 1 o }  ( 0 . 2 7 6 ) .

{ r t o }  ( 0 . 3 4 0 .  0 . 3 8 8 )
0 . 0 1 6 7
Mo Ko  (L (Mo  Ko , )  =  0 .7093  A

from graphite monochromator
159  ' c  D

0.25t  to  Q.429,0.370 average
4 .5  w ide  by  5 .5  mm h igh ,

32 cm from crYstal
2 . 6
2" in 29 lmin
4 " < 2 0 < 7 5 '
10 s  a t  each end of  scan wi th

rescan opt ionc
1 .1 '  be low  Ko ,  t o  0 .9 "  above

Ko,
xh , k , ' l  ( and  t  h ,  k , - r , 20  <  30 " )
0 . 0 3
687 7
1 1 5
0 . 0 3 5
0 . 0  5 3
0 . 9 2 3

0 .021

c , rHooPrP t
5 0  1  . 5 5
C e " u  P n 2 r a
1 5 . e 4 7  ( 3 )
1 . 1 . 3 0 1  ( 2 )
e . 3 8 3  ( 2 )

2740
+
1 . 4 3  ( 3 )
t . ) ) o

6 7 6
i 1 o o .  ( 0 . 3 0 2 ) ,  { o 1 o }  ( 0 . 3 9 0 ) ,  { l r l }

( 0 . 3 1 8 ,  0 . 3 3 3 ,  0 . 2 6 0 ,  0 . 3 0 2 )
0 . 0 2 1 1
same

same
0 . 1 8 7  t o  0 . 2 6 5 . 0 . 2 3 9  a v e r a g e

same

3.0
same
B " < 2 0 < 6 0 "
same

0 .9 '  be low  Kc ,  t o  0 .9 "  above
Ko ,

h , k , l ( and ,  h , - k , I , 2o  <  32 " )
0 . 0 3
3255
1 8 1
0 . 0 3 2
0 . 0 5 3
0 . 9 6 1

0 . 0 2 3

o Fol lowing the form, in parentheses are the distances in mil l imeters between the members of the form. b The low-

temperature system is based o,. u a". i jn b5.: Huffman. J. cl  Ph.D. Thesis. Indiana University L1'P74: ^c^Lenhert,  P. G'

J . A p p I . C r y s t a u o g r . L g 1 b , 8 , b 6 8 - 5 t 6 .  d R 1 o r , . F ' : ) = !  l ' , , '  l ' c ' l / : F , , ' : R , , . ( o n F " ) = 2 u ( F o 2 ' F . ' ) ' l z w F o o ; R ( o n F )

> l l F o l -  l F " l l / > l r o l .

Figure 4. The unit cell of PI(CHzC(CH3)2CHz)(P(CzHs)Jz (5).

Figure 5. A stereoview of an individual molecule of PI(CH2C(CH3)2CHJ(P(CrHu;t;r'
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Table II. Positional and Thermal Parameters for the Atoms of PI(CHrC(CH3)r(P(CrH5)3), (1)

l 8
l T o i  x  Y  z  8 1 . 1  s 2 2  8 3 3  a L ?  8 1 3  B ? 3
o  a a a l a  a  a a l  l  a  l  a  a  t  f  a  +  l  a a  l  a a  |  |  I  I  l  a  a  a  I  t  a  t  a  I  I  l  t l  I  l +  +  a  t  a  a t  I  l  a  l  I  t  a  a t  s t  |  +  |  r  +  +  a f  a l  a  r  r  +  t r  I  f  a  a  I  f  a  a a  l  l  a t  a  a  l  a  L a  l  a  a  t  a a l l f  I  u  l  a a a  a  |  |  l  a  l  a  I  l  a  a  l l a

P Y O 0 .  0 1 b 0 6 9 0  (  5 e  )  L / +

P  0 . 0 t r 6 2 1 0 { 5 c l  0 . 1 , 0 3 1 f q ( ? 6 )  0 . 3 5 1 r + ? J ( 2 9 )

c l t l  - 0 . 0 9 1 1 7 ( 2 3 )  - 0 . 0 7 3 5 1 ( 1 0 )  0 . 1 6 5 5 6 ( 1 1 , 1

C ( 2 f  - 0 . ? 6 7 A ? l ? 5 t  - 0 . 1 0 r . r 2 ( 1 1 1  0 . 1 r r 9 9 5 ( 1 2 1

C ( l t  - 6 . : 1 9 1 5 r ( 2 0 )  - 0 . 0 3 7 6 5 ( 1 5 )  0 . 1 2 7 9 5 ( 1 6 )

C ( t l  - 0 . 2 E $ 1 1 ( 2 9 )  - 0 . 1 + 1 7 5 ( 1 f l  0 . 2 2 3 1 , { ( l f )

c ( 5 1  - 0 . 3 0 9 5 5 ( 3 3 t  - 0 . 1 i 7 ! r ( 1 5 )  0 . 0 8 0 2 2 ( 1 5 1

C 1 6 1  0 . 1 5 6 1 t  ( 2 f l  0 . 1 9 e 9 2 ( 1 , 1 1  0 . J 5 J 2 9 ( 1 2 )

c ( t l  0 . 3 J 9 2 7 ( 2 7 t  0 . 1 7 9 3 3 ( r 3 t  0 . 3 7 1 6 7 ( 1 f )

c ( c l  - 0 . L 5 0 f 4 1 ? 5 t  0 . 1 3 9 6 9 ( r 2 )  0 . 3 e 9 7 7 ( 1 3 )

c f 9 f  - 0 . 2 6 5 1 8 ( 3 0 )  9 . 9 7 7 9 5 ( L ' l  C . 3 5 7 5 3 ( 1 7 )

c ( t t t  0 , L 3 3 7 2 1 2 7 t  0 . 0 7 3 3 7 ( 1 2 )  0 . 4 5 7 r r t L ? l

C ( 1 1 )  0 . 1 r r f 5 1 ( 3 3 )  0 . 1 3 2 3 2 ( 1 f )  0 . 5 ? L 4 5 l L 4 l

3 1 . 0 5 ( 1 1 )  6 . 0 f ( 2 t
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Here the shortest intermolecular interaction is calculated
to be 2.36 A between atoms H(2)C(6) and H(3)Me(2). A
stereoview of the molecule is shown in Figure 5, and Figure
6 displays the inner coordination sphere along with per-
tinent distances and angles. Additional distances and
angles are in Table IX while Table X presents results on
least-squares planes.

Although the number of known structures involving the
cis-PtP2 geometry is extensive, none of these also involves
neopentyl groups as additional ligands. Thus direct com-
parison of the structure of I with others in the literature
is not possible. The structures of known platinacyclobu-
tanes have been summarized.rT'27 The onlv structure of

accuracy comparable with that of 5 is PI(C(CN)2CH2C-
(CN)2XP(CeHu)r)r,'7 and the two structures are similar.
In 5 the Pt{ and Pt-P distances are significantly shorter
than in the cyano-substituted derivative (averages of 2.083
(6) vs. 2.138 (6) A and 2.285 (3) vs. 2.303 (2) A, respec-
tively). The twist between the PPIP and CPIC planes is
18.0o in the cyano derivative vs. 1.8o in 5. These com-
parisons suggest that 5 is less congested than its cyano
analogue. Yet, the Pt{{-C rings are remarkably similar.
Both show approximately the same deviation from pla-
narity, the dihedral angles between the C(3)-PI-C(1) and
C(1)-C(2)-C(3) planes being 24.4 and 22.4" , respectively,
for the cyano complex and for 5. But in keeping with our
objective to compare the structures of the present reactant
I and product 5, the discussion here will concentrate on
the differences in these two structures.

Several features of the structures of 1 and 5 suggest
strain in the former and at least partial release of this
strain in the latter. First, the twist between the PPIP and
CPIC planes of I (18.7') disappears in 5 (1.8"). Although

(27) Yarrow, D.J.; Ibers, J. A.;Lenarda, M.;Graziani, M. J. Organo-
met. Chern. L974, 70,133-145.

calculations by Tatsumi and Hoffmann28 and the obser-
vation of similar twists in bis(phosphine)(olefin)metal
complexes2e both suggest that the energy intrinsic to the
distortion from ideal planar geometry is small, it is one
indication of strain in 1 that might be released in going
to 5. Second, the Pt-P and Pt-C bond lengths shorten in
going from I to 5 (by 0.037 (2) and 0.035 (4) A, respec-
tively). Although the details of the interactions responsible
for this shortening are not known, the qualitative obser-
vation of shortening is also compatible with release of steric
strain in going from 1 to 5. Estimates of differences in
metal-carbon bond energies in other organometallic com-
pounds containing neopentyl and smaller alkyl groups
indicate that the strain energy arising from steric crowding
around a neopentyl group may be large (>5 kcal mol-1).30
The skewing of the C(CHr)r groups of the neopentyl
moieties out of the P2PtCz(quasi) plane in 1, the sub-
stantial (9o) increase in the PPtP angle on going from I
to 5, and the kinetic observation that decomposition of

(28) Tatsumi, K.; Hoffmann, R. unpublished. Extended Hiickel cal-
culations suggest that the energy required to twist the PPIP and CPIC
planes of PtSJz(P.(CHr\)z by 30' is less than 5 kcal mol-r. An exam-

ination of Pt(CH2C(CHJ2CH2)(P(CHs)s)2 suggests that no special sta-
bility is associated with the platinacyclobutane ring. Thus, these calcu-
lations also may indicate, qualitatively, that 1 is strained but do not
suggest a large magnitude for this strain.

(29) Ittel, S. D.; Ibers, J. A. Adu. Organomet. Chem. L976, 14,33-€1.
(30) Steric crowding about transition-metal alkyls has been reported

to contribute to both the decrease in bond energies and the lengthening
of M-C bonds: the mean M-C bond energy in IM(CHzC(CHg)Jr] (M =
Ti, Zr, or Hf) is 1F20 kcal mol-r less than that of sterically less de-
manding alkyl substituents (Lappert, M. F.; Patil, D. S.;Padley, J. B. J.
Chem. Soc., Chem. Commun.1975, 830-831), and the Zr-C (sp3) bond
lengths in [Zr(?-CsH5)2(CH2C(CH3)3)2 are 0.037 A longer than for an
analogous dimethyl complex (Jefferey, J.; Lappert, M. F.; Luong-Thi, N.
T.; Atwood, J. L., Hunter, W. E. Ibid. 1978,1081-1083). Halpern and
co-workers have observed differences in cobalt-n-propyl and cobalt-
neopentyl bond energies of -7 kcal/mol in certain cobalt(Ill) organo-
metallics (Halpern, J., private communication).
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Table III. Positional and Thermal Parameters for the Atoms of Pt(CH,C(CH3)rCHr)(P(CrH,)r), (5)
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Table VIII. Bond Distances and Bond Angles in P t ( c H . c ( c H , ) , ) , ( P ( c , H r ) , ) ,  (  t )
bond  d i s t ,  A l tond  ang le ,  deg

Pt-P 2322 ( r \
P t - c ( l )  2 . 1 1 8  ( 2 )
c ( 1 ) - c ( 2 )  1 . 5 5 2  ( 3 )
c ( 2 ) - C ( 3 )  1 . 5 2 7  ( 3 ) i
c ( 2 ) - c ( 4 )  L . 5 3 2 ( 3 ) > 1 . 5 2 e
c ( 2 ) - c ( 5 )  7 . 5 2 e  G ) )
P - c ( 6 )  1 . 8 8 2  ( 2 ) 1
P - c ( 8 )  1 . 8 3 7  ( 2 ) > 1 . 8 3 e
P - C ( 1 0 )  1 . 8 4 3  Q ) '
c ( 6 ) - c ( 7 )  1 . 5 2 6  ( 3 ) 1
c ( 8 ) - c ( e )  1 . 5 2 4  ( 3 )  1 1 . 5 2 5
c ( 1 0 ) - c ( 1 1 )  1 . 5 2 5  ( 3 ) t

P - P I - P ' a  9 - 1 . 0 9  r 3  r
P-Pt-C( 1) 16 6.  1 , r  (  5 )
P - P t - C ( l ) ' ,  9 1 . 7 2  ( 5 )

.  c ( 1 ) - P t - C ( 1 ) ' ,  8 5 . 5  ( 1 )
( 3 ) o  P r - C ( 1 ) - C ( 2 )  1 1 8 . 4  ( 1 )

c ( 1 ) - c ( 2 ) - c ( 3 )  1 1 3 . 3  (  2 )
c ( 1 ) - c ( 2 ) - c ( 4 )  1 1 1 . 8  ( 2 )

( 4 )  c ( 1 ) - c ( 2 ) - c ( 5 )  1 0 7 . e  ( 2 )
c ( 3 ) - c ( 2 ) - c ( 4 )  1 0 7 . 3  ( 2 )
c ( 3 ) - c ( 2 ) - c ( 5 )  1 0 8 . 3  ( 2 )

( 3 )  c ( 4 ) - C ( 2 ) - c ( 5 )  1 . 0 7 . e  ( 2 )

PI -P-C(6)  123.0e  (7 )
Pt -P-C(8)  107.ee  (  7 )
PI -P-C(  10)  11e.4e  (7 )
P - C ( 6 ) - C ( 7 )  1 1 3 . 7  ( 1 )
P-C(8) -C(e)  r12 .e  (2 )
P- -C(  10) -C(  11)  1 .77  .3  (2 )
c ( 6 ) - P - C ( 8 )  1 0 1 . 2  ( 1 )
c ( 6 ) - P - C (  1 0 )  1 0 0 . 8  ( 1 )
c ( 8 ) - P - C ( 1 0 )  1 0 0 . 8  ( 1 )

in terplanar angle (  deg)
Pt,P,P' ,  lPt ,c(1 ) ,c(  1) '

I 
q,The primed atom is related to the corresponding unplimed atoh by the crystallographically imposed twofold axis.

" nele and elsewhere the estimated standard deviation given in parentheses is the larger of that calculated for an individual
obseNation on the assumption that the values averaged are from the sarne population or of that calculated from the
inverse least-squares matrix.

complexes of the structue Pt(CHrC(CH))lPft), takes are all compatible with significant steric strain in I andplace more rapidly with large phosphines tlEn with smallsl significant relief of this strain in going to E.
In summary, this work provides structures for the

reactant and a product of a cyclometalation reaction in-
volving cleavage of an unactivated C-H bond by oxidative
addition to platinum(Il). These structures indicate that

1 8 . 7

(31) Treatment of (1,b-cyclooctadiene)pt(CH2c(CHJ3)2 with p(CU_
(9Hr)/s at 50 oC results in rapid formation oi the bis(iriisopropyl-
phosphine) analogue of 5: DiCosimo, R., unpublished daia.
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Table IX. Bond Distances and Angles in PI(CH1C(CH 3)2CH, XP(C1H,)3), (5)

bond dist.  A bond angle,  deg

Pt-P(1)
Pt-P(2)
Pt-c(  1)
Pt-c(3)
c ( 2 ) - c ( 1 )
c (2) -c (3)
C(2) -Me(1)
C(2) -Me(2)
P(1) -c (4)
P(  1 ) -c (6)
P ( 1 ) - c ( 8 )
P(2  ) -c (10)
P ( 2 ) - c ( 1 2 )
P(2  ) -c (14)
c (4) -c (5)
c (6) -c (7)
c (8  ) -c (e )
c ( 1 0 ) - c (  1 r  )
c (  12  ) -C(  13  )
c (  14) -C(  15  )

P(1)-Pt-P(2 )
P(1) -P t -c (1)
P(2) -Pr -c (3)
P( 1)-Pt-c(  3)
P( 2)-Pt-C( 1)
c( 1)-Pt-c(  3)
Pt -C(1) -C(2)
Pt -c (3) -C(2)
c ( 1 ) - c ( 2 ) - c ( 3 )
c ( 1 ) - C ( 2 ) - M e (  1 )
C( 1)-C(2 )-N/b( 2)
c (  3 ) -c (2) -Me(  1 )
C(3) -c (2) -Me(2)
Me(  1  ) -C(  2 ) -Me(2)
P t - P (  1 ) - C ( 4 )
P t - P ( 1 ) - c ( 6 )
Pr -P(1) -c (8  )
Pt-P( 2 )-C( 10)
Pt-P(2)-c(12)
Pt-P( 2)-c(  14 )
P(1) -c (4  ) -c (5 )
P(1) -c (6) -c (7  )
P(  1 ) -c (8) -c (e  )
P ( 2 ) - c ( 1 0 ) - c ( i 1 )
P(  2  ) -c (  12  ) -c (  13  )
P ( 2 ) - c ( 1 1 ) - c ( 1 5 )
c ( 4 ) - P ( 1 ) - C ( 6 )
c ( ,1 ) -P(  i  ) -c (E  )
c ( 6 ) - P ( 1 ) - C ( 8 )
c ( 1 0  ) - P ( 2  ) - C t ( 1 2  )
c (  10  )  P(  2  ) -C(  1 '1  )
c ( 1 2  ) - P (  2 ) - C (  1 . 1 )

2 .282  (2 )
2 . 2 8 7  ( 1 )
2 . 0 8 0  ( 6 )
2 . 0 8 6  ( 6 )
1 . 5 3 5  ( 9 )
1 . 5 3 6  ( e )
1 . 5 2 6  ( 1 0 )
1 . 5 1 8  ( 1 0 )
1 . 8 3 2  ( 8 )  \
1 . 8 3 7  ( 6 )  |

i 3l? [T] [ r azz rar
1 . 8 1 8  (  6 )  |
1 . 8 2 8  (  6 )  |
r . 5 7 2  ( 1 0 )  \
1 . 5 2 3  ( 1 0 )  I
1 . 5 2 3 ( 9 )  ( ,  ^ o ,
1 . 5 3 3  i e i  1  

t ' c z t  ( e )
1 . 5 0 e  (  1 0 )  I
1 . 5 2 5  ( 8 )  I

1 0 3 . 0 1
159.2
1 6 5 . 1

9 1 . 9
9  7 . 8
67 .3
95.4
9 5 . 1
9 7 . 5

1  1 0 . 0
tt4.5
Itr.2
1 1 3 . 9
1 0 9 . 3
ltr.7
r 2 2 . 5
1 1 1 . 1
112.8
t77 .5
tL6.7
114.2
1 1 8 . 5
1 1 3 . 3
L I7 .6
1 1 3 . 5
t 1 2 . 9
1 0 3 . 7
1 0 2 . 1
1 0 3 . 6
102.4
1 0 2 . 9
r 0 2 . 6

(e )
2
2
2
2
J

4
+
5
C)

6
Cl

6
6
J

2
2
J

2
2
t)

4

5
5
5
+̂

J

A
+

J

J

J

t)

/', ruturr)

P(2)ry

Figure 6. The inner coordination sphere of ]@t

bHt(p(crHs)Jz.

1 is a sterically congested molecule and that this congestion
is relieved during its transformation to 5. This information
suggests that relief of steric congestion may provide one
of the factors contributing to the greater facility of intra-
molecular cleavage of unactivated C-H bonds relative to
analogous intermolecular cleavage reactions. It further
suggests, by extension, that intermolecular oxidative ad-
dition of C-H bonds to platinum should proceed most
readily by using complexes in which the PPIP angle is
constrained to a value close to 90o (perhaps by chelation)
and the species oxidatively adding is relatively small. The
observation by Yoshida et al. that treatment of PtCl2[(t-
Bu)2PCH2CH2P(f-Bu)21 with sodium/mercury alloy in
tetrahydrofuran yields PtH2[(t-Bu)2PCH2CHTP(r-Bu)r]
may provide an example of such a reaction.s2

Although the structures of I and 5 qualitatively identify
release of nonbonded steric strain as one possible contri-
bution to AG for the reaction, they do not establish
whether one principal interaction or the sum of many small
interactions dominates this contribution: certainly, at first
glance, no single interaction seems glaringly more obvious

(32) Yoshida, T.; Ynmagata, T.; Tulip, T. H.; Ibers J. A.; Otsuka, S.
J. Am. Chem. Soc. 1978, 100,2063-2073.

Table X. Best Weighted Least-Squares Planes in

t l
Pt(cHrc(cH3)rcHrXP(CrHs) . ) ,  (5  )

Coeff icients Ax + By * Cz = Da

plane
no .  A

1
2
J

A
+

5

0 . 0 7  5
0 . 0 7 8
0 . 3 1 1
3 . 4 3 2

72.57  3

2 .209 -9 .271 0 .413
2.220 9 .270 0 .416
r . 9 5 4  9 . 2 9 4  0 . 2 5 7

- 2 . 4 4 7  9 . 0 2 2  0 . 6 1 5
8 . 7  2 0  0 . 7  6 6  5 . 1 6 1

Deviat ions (A) f rom Planes

Pt  0 .0000 (  1 )
P ( 1 )  0 . 0 0 2  ( 2 )
P ( 2 )  0 . 0 0 0  ( 1 )
c ( 1 )  0 . 0 3 4  ( 7 )
c ( 2 )  0 . 3 8 4
c ( 3 )  0 . 0 3 6  ( 7 )
M e (  1 )  1 . 8 8 7
M e ( 2 )  - 0 . 3 5 7

0  0 . 0 0 0 0  ( 1 )

0 0
0  0 . 0 0 2  ( 6 )

0 0
0 . 0 0 1  (  1 0 )
0 . 0 0 1  ( e )

0
0
0

Dihedral  Angles (Deg) between Planes

r-2
1 - 3
1-4
1 - 5
2-3
2-4
2-5

1 7 9 . 9 6
1 7  8 . 2 7
r 5 7 . 5 9
8 9 . 0 1

r . 7 7
2 2 . 4 4
9 1 . 0  3

3-4
3-5
4-5

2 2 . 3 8
89.26
89.25

o The plane is in crystal coordinates as defined by:
Hamil ton,  W. C. Acta Crystal logr.  1961, 14, 185-189.

than others. Moreover, as discussed above, the relative
importance of enthalpic and entropic terms in determining
the free energy of reaction remains to be established. All
of these analyses will require additional information, but

P i
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all will ultimately rest on the structural data given here.
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