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Abstract: The compound Pt(C2H4)(P(C6HSb)2 reacts smoothly in THF with the activated cyclopropanes 1,1,2,2-tetracyano-
3-phenylcyclopropane or 1 -carboethoxy-1,2,2-tricyano-/rart.s-3-phenylcyclopropane to form the corresponding -Pt(PC6-
H5)3)2 insertion product by breaking the bond possessing the largest number of cyano substituents. These metallocyclobutanes 
have been characterized by x-ray diffraction methods. The compound Pt[C3H(C6Hs)(CN)4][P(C6Hs)SIi crystallizes with 
two molecules in space group C2

2-P2i of the monoclinic system in a cell of dimensions a = 11.272 (2), b = 17.209 (2), c = 
11.598 (2) A., 18 = 112.57 (1)°. A total of 210 variables has been refined from 4132 observations by conventional least-squares 
methods to an R index on F0 of 0.029. The compound Pt[C3H(C6H5)(CN)3(COOC2Hs)] [P(C6Hs)3]2-*CHCl3 (x « 0.8) 
crystallizes with four formula units in space group C2/,

5-.P2i/c of the monoclinic system in a cell of dimensions a = 12.844 (2), 
b = 12.498 (3), c = 30.406 (4) A, 0 = 90.67 (I)0. A total of 276 variables has been refined from 4235 observations to an R 
index of 0.056. Comparisons are made between the structural parameters of these complexes and those of other platinum-con
taining metallocyclobutanes. 

Introduction 

Recently, there has been considerable interest in the reac
tions of transition metal complexes with strained alkane ring 
systems. One such reaction that has been studied is the inser
tion of a transition metal into carbon-carbon bonds of sub
stituted cyclopropanes.1-5 The products formed from these 
reactions are metallocyclobutanes—the relief of ring strain 
produced on ring opening has been claimed to be the major 
driving force for these reactions. Very recently, the ring 
opening of a substituted cyclobutane by platinum(O) has also 
been reported.6 It is reasonable to assume that these metallo-
cycloalkanes are important intermediates in various transition 
metal promoted isomerizations of strained ring systems. Ac
curate molecular structure determinations of these metallo
cyclobutanes are hence of interest. Chart I (I-IV) sketches the 
platinacyclobutane complexes whose structures have been 
reported earlier. Structure determinations of the formally 
Pt(IV) compounds I,7 II, and III8 (II and III being two forms 
of the same compound, Chart I) have been of limited accuracy 
owing to crystal decomposition during data collection. An 
accurate structure determination of the four-coordinate pla
tinacyclobutane, IV, is available.9 In this work, we report the 
structures of two four-coordinate platinacyclobutanes (Chart 
I, V and VI) prepared by the reactions of Pt(C2H4)-
[P(CeHs)3J2 with l,l,2,2-tetracyano-3-phenylcyclopropane 
(Chart II (a)) and with 1 -carboethoxy-1,2,2-tricyano-/ra«.y-
3-phenylcyclopropane (Chart II (b)). These structures were 
studied in order to determine substituent effects on the con
formation of the metallocyclobutane ring system. The ultimate 
aim of this work is to determine the stereochemistry of the 
insertion of transition metals into carbon-carbon bonds of 
chiral cyclopropanes. 

Experimental Section 

The cyclopropanes (Chart II) were prepared by methods described 
by Kim and Hart.10 

The compounds V and VI were prepared by stirring equimolar 
quantities of Pt(C2H4)[P(C6Hs)3J2 and the corresponding cyclo
propane in THF, similar to the method used for the preparation of 
Pt[C3(CH3)2(CN)4] [P(C6Hs)3J2.

11 

Compound V was recrystallized from benzene/hexane. Anal. Calcd 
for C49H36N4P2Pt: C, 62.75; H, 3.84; N, 5.98. Found: C, 62.93; H, 
3.73; N, 5.86. Decomposition point: 262 0C. Infrared spectrum: 
!,(C=N) 2215 cm-1 (m). (For Chart Il (a), HC=N) is at 2240 
cm-1.) Crystals suitable for x-ray work were grown by vapor diffusion 
of pentane into a benzene solution. 

Compound VI was recrystallized from CHCl3/MeOH. Anal, of 
unrecrystallized product. Calcd for C5iH4iN302P2Pt: C, 62.19; H, 
4.17; N, 4.27. Found: C, 61.83; H, 4.60; N, 4.12. Anal, of product 
recrystallized from CHCl3/MeOH. Calcd for C5iH41N302P2PM.O 
CHCl3: C, 56.55; H, 3.81; N, 3.81. Found: C, 56.10; H, 3.77; N, 3.86. 
Decomposition point: 204 0C. Infrared spectrum: HC=N) 2208 cm-1 

(m), KC=O) 1693 cm"1 (s). (For Chart II (b): HC=N) 2245 cm-1 

(w), HC=O) 1751 cm-1 (vs)). Crystals suitable for x-ray work were 
grown from a CHCl3/MeOH solution. 

Crystal Structure A (Compound V). Details on crystal data, intensity 
collection, and refinement are given in Table I. Data were collected 
on a FACS-I diffractometer using methods previously described.12 

The data were processed13 using a value of p of 0.03. The structure 
was solved from a three-dimensional, origin-removed Patterson 
function.14 Refinement proceeded by methods standard in this labo
ratory.15 Because P2\ is a polar space group it was necessary to es
tablish the correct enantiomeric structure for the selected crystal. 
After isotropic refinement of the nonhydrogen atoms and the group 
carbon atoms the conventional R and Rw indices on F0 for the enan-
tiomer initially chosen arbitrarily were 0.0553 and 0.0762, respec
tively; those for the other enantiomer on refinement were 0.0644 and 
0.0891, respectively. An examination of 104 of the 287 Friedel pairs 
for which the calculated difference was expected to be greater than 
5% indicated that the first enantiomer correctly led to the predicted 
direction in 103 cases. There is no doubt that the correct enantiomer 
has been selected. Refinement then continued along standard lines. 
Before the final cycle of least-squares refinement the fixed contribu
tions of the 36 hydrogen atoms were added, based on idealized posi
tions (C-H = 0.95 A). No attempt was made to refine the unique H 
atom on themetallocyclic ring. An analysis of 2w (|F0 | - IFcI)2VS. 
IF0I, setting angles, and Miller indices revealed no unusual trends. 
The maximum electron density in the final difference Fourier map 
is 0.7 (1) e/A3. Table 11(a) presents the final parameters and Table 
111(a) the derived positions of the ring carbon atoms. A tabulation of 
10|Fo| vs. 10|FC| is available.16 

Crystal Structure B (Compound VI). Details on this structure de
termination are also presented in Table I. Data collection in this in
stance was complicated by crystal decomposition. Collection of in-
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Chart I 

Figure 1. (a) A drawing of the Pt[C3H(C6H5)(CN)4][P(C6Hs)3]: mol
ecule. Hydrogen atoms have been omitted. The 50% probability ellipsoids 
are shown, (b) A drawing of the Pt[C3H(C6H5)(CN)3(COOEt)]-
[P(C6H5)3]2 molecule. Hydrogen atoms have been omitted. The 50% 
probability ellipsoids are shown. 

tensity data on crystal 1 was terminated at 29 = 75° since the six 
standard reflections had decreased an average of 10%. A second crystal 
was employed for data collection in the region 75 < 29 < 101°. Data 
collection was again terminated when this second crystal showed about 
a 15% drop in the intensities of the standard reflections. After ab
sorption correction, approximate decomposition corrections were 
applied to the two data sets, based on the changes of the standard re
flections with x-ray exposure. The two data sets were brought to an 
approximately common scale and merged. Separate scale factors were 
employed in ensuing calculations. The structure was solved from a 
Patterson function and was refined by standard procedures. In the 
course of the refinement the Cl atoms of the CHCl3 solvate molecule 
showed very high thermal motion, with isotropic B values averaging 
around 25 A2. In the final cycle of refinement the occupancy factor 
of the CHCl3 molecule was included as a variable. This occupancy 
factor converged to a value of 0.78 (1). It is probable that problems 
with decomposition of the two data crystals arose from slow loss of 
solvate molecules. Also included in this last cycle were the fixed 
contributions from the 42 hydrogen atoms whose positions had been 
idealized (C-H = 0.95 A). An analysis of Sw(|F0 | - \FC\)2 as a 
function of \F0\, setting angles, and Miller indices indicated sub
stantially poorer agreement at low scattering angle. This is to be ex
pected if the scattering model for the solvate molecule is inadequate. 
Similarly, the highest feature on the final difference Fourier map is 
a peak of height 2.0 (2) e/A3 in the vicinity of the solvate molecule. 
Table 11(b) presents the final parameters and Table 111(b) the derived 
positions of the ring carbon atoms. A tabulation of 10|Fo| vs. 10|fc| 
is available.16 

(Q 
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/ \ 
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/ \ 

L(2) LU) 
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L(2) L(I) 
Pta[C;lH4(C6H-,)2](C5H5N)2 Pt[C3H2(CN)4][P(C6H5)J2 

III IV 

CN' \ / CN 
Pt 

/ \ 
P(2) P(I) 

Pt[C3H(C6H5)(CN)4][P(C6H5)J; 
V 

Chart II 

CN' \ / CN 
Pt 

/ \ 
P(2) P(I) 

Pt[ClH(C6H5)(CN);i(COOC„H-,)][P(CBH5: 

VI 

CN CN 

(a) R - H ; R' = C6H5; X = CN 
(b) R = H; R' = C6H5; X - COOC2H5 

Description of the Structures 

Overall views of the molecules V and VI are presented in 
Figures 1(a) and 1(b), respectively. The vibrational ellipsoids 
at their 50% probability level are displayed in these figures and 
the corresponding root-mean-square amplitudes of vibration 
are given in Tables IV(a) and IV(b).16 The vibrational data 
are reasonable with the cyano nitrogen atoms and the ester 
group atoms (in molecule VI) showing the largest thermal 
motion, apart from the solvent chloroform atoms in crystal 
structure B. A selection of bond distances, nonbonded contacts, 
and angles, together with standard deviations, is given in Table 
V. 
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Table I. Summary of Crystal Data, Intensity Collection, and Refinement 

Structure A Structure B 

Compd 

volume 
Temp 
Radiation 

Transmission 
factors 

Receiving 
aperture 

Take-off 
angle 

Scan rate 
Scan range 

Pt[C3H(C6H5)(CN)4] [P(C6Hs)3J2 

Formula 
weight 
a 
b 
C 

0 
Volume 
Z 
Density 

Space group 
Crystal 

dimensions 
Crystal 

shape 

Crystal 

C49H36N4P2Pt 
937.9 amu 

11.272(2) A 
17.209(2) A 
11.598 (2) A 
112.57(1)° 
2077.6 A3 

2 
1.499 gem - 3 (calcd) 
1.51 (2) g cm"3 (obsd) 
C2

2-P2, 
0.2 X 0.5 X 0.3 mm 

Lath-shaped crystal with 
seven faces—two faces of the 
pinacoid form [100}, two 
of the pinacoid form [ 101 [, 
two of the spheroid form 
|323j, and an end face 232 

0.00526 mm3 

24 ± 2 0C 
CuKa, (X 1.540562 A) prefil-

tered with 1 mil of Ni foil 
74.07 cm-' 
0.216-0.670 

5.0 X 4.9 mm; 33 cm from 
crystal 

4.8° 

2.O°/minin20 
1.1° below Ka i to 1.0° above Ka2 

Background 

26 limits 

Observations 

Total no. 
of observa
tions 

Final no. of 
variables 

Unique data 
with F0

2 > 
Iv(F0

2) 
R (on F, F0

2 

Rw > 3a(F0
2) 

Error in 
observation 
of unit weight 

10 s single rescan for 
observations with / < 3<r(/) 

3.5-160° 

±h, ±k, I 26 < 45° 
±h,k,l 26 > 45° 
4767 

210 

4132 

0.029 
0.038 
1.89 electrons 

Pt[C3H(C6H5)(CN)3(COOC2H5)]-
[P(C6Hs)3J2-CHCI3" 

C52H42Cl3N3O2P2Pt 
1104.3 amu 

12.844 (2) A 
12.498 (3) A 
30.406 (4) A 
90.67(1)° 
4880.3 A3 

4 
1.502 gem - 3 (calcd) 
1.52 (2) gcm~3 (obsd) 
C2A

5-P2,/c 
(I)* 0.10 X 0.45 X 0.15 mm 
(2) 0.12 X 0.50 X 0.22 mm 
(1) Flat crystal with well-formed 

faces, ten in number, of the 
forms (102), [100|, and 
[011! 

(2) Same as (1) 

(1)0.00316 mm3 

(2) 0.00523 mm3 

24 ± 1 0C 
Cu Ka, (X 1.540562 A) prefiltered 

with 1 mil of Ni foil 
79.42 cm-' 

(1)0.382-0.613 
(2)0.188-0.589 
(1) 5.6 X 5.9 mm; 32 cm from 

crystal 
(2) 5.1 X 5.1 mm; 32 cm from 

crystal 
(1)3.2° 
(2)3.3° 
2.O°/minin20 
(1)0.9° below Ka, to 0.9° 

above Ka2 
(2) 1.0° below Ka, to 1.0° 

above Ka2 
(1) 10 s two rescans for 

observation with / < 3<x(/) 
(2) Same as for (1) 
(1)5.0-75° 
(2)75-101° 
±h, -k, 1 

5569 

276 

4235 

0.056 
0.088 
2.90 electrons 

" The average CHCl3 content in the data crystals is 0.78 (1) mol per mol of Pt from the least-squares refinement. b (1) and (2) refer to the 
data for two different crystals used in the solution of structure B. 

No crystallographic symmetry is imposed on the discretely 
packed molecules of V or VI. Figures 2(a) and 2(b) depict 
stereoscopic views of the contents of the unit cells with two 
molecules of V (structure A) and four molecules of VI along 
with solvent (structure B), respectively. All intermolecular 
contacts are normal with the shortest H-H contacts being 2.24 
and 2.35 A in structures A and B, respectively. Also a short 

N-H distance of 2.47 A is observed in structure A and a C-H 
contact of 2.6 A in structure B. 

Two different views of the coordination spheres of molecules 
V and VI are shown in Figures 3(a), 4(a), 3(b), and 4(b), re
spectively. The substituents on these molecules are normal; 
there are no unusual features in the cyano groups nor in the 
ester group. 
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Table Ha. Positional and Thermal Parameters for the Nongroup Atoms of Pt[C3H(C6H5)(CN)4] [P(C6H5)3]. 

ATOM * Y Z 

PT 0.175510118) 1/4 0.25*518(19) '.8.561181 22.82(9) 61.18(18) -1.40(19) 

P(II 0.23545(16) 0.29453(12) 0.45618(16) 63.5(131 27.97(71) 66.7IK) -2.01(80) 

P(2) -0.00200(15) 0.33026(10) 0.16*60(15) 54.2(12) 21.48(60) 71.0113) -0.81(68) 

C(I) 0.30964(56) 0.15656(40) 0.28899(61) 52.4(481 19.9(24) 70.5(53) 7.4(26) 

CI2I 0.24158(62) 0.12428(47) 0.15409(62) 59.1(55) 29.8(30) 69.9(56) -1.1(32) 

C O ) 0.17293(571 0.19825(42) 0.08396160) 50.7(48) 27.2(28) 68.6154) 0.8(28) 

C(4I 0.43907(63) 0.18777(48) 0.31850(64) 57.7IS6) 32.4(301 64.8(57) 5.3(32) 

N(D 0.53770(671 0.21117(52) 0.33852(75) 78.6(66) 48.1(33) 122.5(85) -7.7(39) 

C(5I 0.30122(87) 0.10337(56) 0.38298(841 93.5(79) 30.9(34) 96.1(81) 8.7142) 

N(2) 0.28794(92) 0.05626(53) 0.44508(77) 166.(11) 40.0(38) 114.4(81) -13.6(52) 

C(6) 0.25172(51) 0.24909182) 0.04121(57) 57.8(42) 39.3(29) 83.5(52) 16.0(59) 

N(3) 0.31420(64) 0.28837(50) 0.00989(76) 83.8(61) 50.4(33) 142.2185) 3.5(38) 

C(7) 0.04944(651 0.18230(50) -0.01569(66) 65.5(60) 36.7(33) 70.5(59) 3.1(34) 

N(4> -0.04890(57) 0.17026(52) -0.09131(59) 71.4(51) 60.6(40) 77.8(55) -2.8(37) 

15.48(13) 

13.8(11) 

17.4110) 

13.9(411 

15.1(45) 

19.1(42) 

9.9(44) 

37.4(61) 

28.8163) 

57.9(79) 

25.8(40) 

56.0(62) 

23.7149) 

13.5(43) 

ESTIMATED STANDARD DtV 

FORM OF THE ANISOTROPIC 

ARE THE THERMAL COEFFICIENTS X 10 

IATIONS IN THE LEAST SIGNIFICANT FIOURElS) ARE GIVEN IN PARENTHESES IN THIS AND ALL SUBSEQUENT 
2 2 2 

THERMAL ELLIPSOID IS! E * P { - ( B U H .B22K .B33L .2B12HK.2B13HL.2B23KL>1. THE OUANTITIES GIVEN IN 

B23 

1 . 9 9 ( 2 0 ) 

- 2 . 4 4 ( 8 0 ) 

0 . 3 7 ( 7 1 ) 

6 . 2 ( 2 8 ) 

3 . 2 ( 3 2 ) 

0 . 8 ( 2 9 ) 

- 1 . 5 ( 3 2 ) 

- 7 . 8 ( 4 5 ) 

0 . 1 1 4 1 ) 

1 . 4 ( 4 4 ) 

2 0 . 2 ( 6 5 ) 

2 5 . 0 ( 4 4 ) 

- 1 . 4 1 3 4 ) 

- 1 0 . 8 ( 3 8 ) 

• # • • • » • > • # • • • # 

TABLES. BTHE 

THE TABLE 

Table Hb. Positional and Thermal Parameters for the Nongroup Atoms of Pt[C3H(C6H5)(CN)3(COOC2H5)] [P(C6H5)3] 2-0.8CHCl3 

ATOM X r 

PT 

CL(I) 

CLI2) 

C L O I 

P(II 

P(2) 

C(II 

CI2I 

C13) 

C14I 

Nil ) 

CIS) 

N(2) 

C(6) 

N(3) 

C(7) 

0(1) 

0(2) 

C(8) 

C(9) 

C(IOI 

0.213512(46) 

0.4130110) 

0.2948(15) 

0.1954(14) 

0.13501(29) 

0.32639(29) 

0.1149(11) 

0.1546(11) 

0.2602(11) 

0.0036(14) 

-0.0824(12) 

0.1426(13) 

0.1694(14) 

0.3395(14) 

0.3987(12) 

0.2902(14) 

0.2276(11) 

0.39116(93) 

0.42S4117) 

0.5390(18) 

0.2839(42) 

•«»«•••»*»»•*•••»*••«• 

0.214497(511 

0.0629(11) 

0.2242(14) 

0.0367(15) 

0.13416134) 

0.07161(32) 

0.3541(11) 

0.3805(12) 

0.3277(12) 

0.3303(13) 

0.3075(12) 

0.4309(14) 

0.4902(13) 

0.3961(14) 

0.4490(12) 

0.2877(14) 

0.2696(11) 

0.26642(93) 

0.2226(17) 

0.1930(19) 

0.1278(38) 

I BIl B22 833 B12 B13 823 
ltt»««lt»«>ltf44ftlt»«#«»»t4ll*«la44««»t»«l(*|f«l«4tHftt»tlttftltll«.l>»»lt*t»fll|4.l|lf*l«»» 

0.143191(19) 

0.38626(51) 

0.41668(67) 

0.40531(57) 

0.08325(12) 

0.15767(12) 

0.14593(45) 

0.19323(45) 

0,19523144) 

0.14522(51) 

0.14603(48) 

0.11334(58) 

0.08816(53) 

0.17569(55) 

0.15854(55) 

0.23974(63) 

0.26917(40) 

0.24378(40) 

0.28727(66) 

0.28415(95) 

0.3844115) 

39.25(68) 

213.(14) 

294.(23) 

380.(26) 

47.4(29) 

41.0(28) 

53.(121 

55.(12) 

56.(121 

62.(14) 

51.(11) 

72.(141 

125.(17) 

59.(14) 

78.(14) 

63.(15) 

120.(13) 

76.(10) 

144.(21) 

123.(20) 

434.(72) 

41.69(75) 

231.(17) 

297.(24) 

412.(27) 

55.1(34) 

47.6(31) 

32.(Ill 

44.(12) 

44.(121 

53.(131 

101.(15) 

46.(14) 

69.(14) 

60.(15) 

72.(14) 

55.(14) 

97.(13) 

69.(10) 

83.(20) 

123.(25) 

227.(52) 

7.67(12) 

54.5(36) 

68.6(50) 

54.4(37) 

7.85(50) 

8.89(52) 

8.6(20) 

8.3(19) 

6.5(18) 

10.9(23) 

15.7(22) 

10.9(25) 

13.7(24) 

10.9(24) 

19.5(28) 

15.3(29) 

10.9(17) 

16.9(19) 

18.5(31) 

50.5(60) 

59.4(94) 

-2.69(44) 

51.(13) 

75.(19) 

-181.(22) 

-3.4(25) 

-5.1(24) 

4.8(95) 

0.0(97) 

3.3(98) 

4.(11) 

9.(11) 

-3.112) 

-18.(13) 

8.(12) 

-27.(11) 

13.(13) 

3.(10) 

1.8(82) 

-7.(17) 

-31.(17) 

127.(51) 

-1.35(13) 

15.4(56) 

-25.9182) 

78.4(81) 

-1.76(91) 

-0.34(90) 

1.3(361 

2.5(36) 

-1.5(36) 

-7.6(44) 

1.4(39) 

-1.8(46) 

-1.7(49) 

-5.4(461 

4.6148) 

-6.5(52) 

0.6138) 

-16.7(331 

-31.8(64) 

-56.6(901 

111.(23) 

-0.35(181 

-5.5(61) 

-56.9(88) 

-77.7(821 

-3.5(111 

-0.1(10) 

-1.4(40) 

-1.5(39) 

0.0(37) 

-0.9(421 

-9.6(45) 

.-1.5(521 

3.6(48) 

-5.2(48) 

1.5(49) 

-7.8(56) 

3.8(381 

-0.1(36) 

9.0(6S) 

37.21941 

-9.(19) 

«»tttt«*«tt»*«4*«*0«*««****««***»*ttt«*»*«*»ft*»»a««»»«*«ft«#«««0»*«»»«a««0ttft»*ft«*«ft0««tt««9««ft»«tttfa«ft»ff«»»*»»***»i 

A comparative listing of selected intramolecular bond dis
tances, bond angles, dihedral angles, and displacements of 
atoms from planes for the molecules I-VI (Chart I) is shown 
in Tables VI and VII. Consistency has been maintained in the 
atom nomenclature for all the molecules listed. 

A survey of the parameters listed in Table VII [planes (i) 
and (iii)] indicates that in the six-coordinate complexes I, II, 
and III, the platinum atom and the four equatorial ligands 
C(I), C(2), L(I), and L(2) are essentially coplanar. However, 
a severe tetrahedral distortion is observed in complex IV, with 
the dihedral angle between the planes C(l)-Pt-C(3) and 
L(2)-Pt-L(l) being 18.0 (2)°. Complexes V and VI have di
hedral angles of 10.5 (2) and 6.4 (5)°, respectively. As can be 
seen, the twist is significant but not as severe as in IV. The 
related four-coordinate complex, Pt[C2(CN)4] [P(C6H5)3]2, 
is also perturbed from coplanarity with a corresponding di
hedral angle of 8.30.17 This dihedral angle in the metallocy-
clopentane complex Pt[C4H3(CN)4(OC2H5)] [P(C6Hs)3]2 
has been found to be only 1.50.6 As no significant trends can 
be culled from these observations, we believe that the deviations 
from coplanarity require little energy and occur at least in part 
to lessen nonbonded contacts.8 The coplanarity of the atoms 
in the equatorial plane of the complexes I, II, and III may arise 
from the influence of nonbonding interactions with the axial 
ligands; these ligands may inhibit distortions from a square-

planar arrangement. The angle between the normal to the 
P(l)-Pt-P(2) plane and the C(l)-C(3) vector is 79.5 (2) and 
84.2 (5)° in complexes V and VI, respectively. These values 
are almost exactly complementary to the P(l)-Pt-P(2)/ 
C(l)-Pt-C(3) dihedral angles.18 In comparing the displace
ments of the atoms from planes (i) and (iii) in Table VII, we 
see a similiarity between complexes IV and V in that atoms 
C(I) and C(3) are displaced by nearly equivalent amounts 
below and above the planes. However, in complex Vl the dis
placement of atom C(3) above plane (i) is much smaller than 
that of atom C(I) below this plane. This may be caused by the 
presence of the ethyl ester group bonded to atom C(3). An 
inspection of plane (ii) in Table VII also reveals a slight py
ramidal distortion in complex VI, where the Pt atom is 0.042 
A above this plane. 

As observed in complex IV, both V and VI show differences 
between the Pt-P( 1) and Pt-P(2) bond distances. Also, these 
distances are larger than the average Pt-P distance of 2.290 
A in Pt[C2(CN)4)] [P(C6H5)3]2.17 Note that the observation 
of Pt-P bond distances of 2.33 A in V and VI is in disagreement 
with the correlation that has been drawn between metallocy-
cloalkane ring size and Pt-P distances.6 In addition to ring size 
substituents on the cycloalkane rings also appear to play a role. 
The P(l)-Pt-P(2) angles in IV and V are nearly the same 
(96.99 (6) and 97.15 (6)°) whereas in VI this angle is 94.6 



Rajaram, Ibers / Metallocyclobutanes 833 

Table IHa. Derived Parameters for the Rigid Group Atoms of Pt[C3H(C6H5)(CN)4] [P(C6H5),]. 
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Table HIb. Derived Parameters for the Rigid Group Atoms of Pt[C3H(C6H5)(CN)3(COOC2H5)] [P(C6H5),] 2-0.8CHCl3 
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Table V. Metrical Details for the Two Structure Determinations 

Pt-P(I) 
Pt-P(2) 
Pt-C(I) 
Pt-C(3) 
C(l)-C(2) 
C(2)-C(3) 
C(I)-CO) 
C(l)-C(4) 
C(I)-CO) 
C(3)-C(6) 
C(3)-C(7) 
C(4)-N(l) 
C(5)-N(2) 
C(6)-N(3) 
C(7)-N(4) 
C(7)-0(l) 
C(7)-0(2) 
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C(I) 
C(2) 
CO) 

Structure B 

2.303 (4) 
2.339 (4) 
2.158(14) 
2.200(14) 
1.556(19) 
1.509(19) 
2.403 (20) 
1.459(22) 
1.428(23) 
1.461 (23) 
1.489(22) 
1.142(19) 
1.122(20) 
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1.23(2) 
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91.2(8) 
90.8 (8) 

103.2(11) 
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18.2(8) 
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Structure A 

Distances, A 
2.302(2) P(I)-CIl 
2.332(2) P(l)-C21 
2.137(6) P(l)-C31 
2.159(6) P(2)-C41 
1.557(9) P(2)-C51 
1.548(10) P(2)-C61 
2.394(9) 
1.467(9) C(2)-C71 
1.454(11) 
1.462(11) Cl(I)-C(IO) 
1.454(9) Cl(2)-C(10) 
1.120(10) ClO)-C(IO) 
1.132(12) Cl(I)-Cl(2) 
1.132(11) C1(2)-C1(3) 
1.138(9) ClO)-Cl(I) 

Bond Angles, deg 
97.15(6) CIl-P(I)-Pt 
67.7(2) C21-P(l)-Pt 
98.6(2) C31-P(l)-Pt 
97.3(2) C41-P(2)-Pt 

164.4(2) C51-P(2)-Pt 
163.1(2) C61-P(2)-Pt 
92.3(4) Cll-P(l)-C21 
91.7(4) C21-P(l)-C31 

C31-P(1)-C11 
100.9(6) C41-P(2)-C51 

C51-P(2)-C61 
C61-P(2)-C41 

113.6(6) C71-C(2)-C(l) 
115.3(6) C71-C(2)-C(3) 
112.3(6) 
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111.6(5) 
111.4(6) N(l)-C(4)-C(l) 
115.1(6) N(2)-C(5)-C(l) 
113.3(6) N(3)-C(6)-C(3) 
105.5 (6) N(4)-C(7)-C(3) 
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30.6 (4) 

Conformation Angles, deg 
23.6 (4) 

-23.3 (4) 
17.8 (4) 

-17.7(4) 
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(i) Plane Defined by P(I), Pt, P(2) 
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1.840(9) 
1.830(9) 
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2.69 (2) 
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121.8(3) 
109.3(4) 
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7.1(9) 

35.3 (14) 

Structure A 
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1.837(4) 
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117.6(2) 
122.18(14) 
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102.1 (2) 
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118.9(6) 
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172.1 (10) 
178.9(2) 
178.0(7) 

11.5(5) 

39.7(8) 

C(2) 0.47 (2) 
(ii) Plane Defined by C(I), Pt, C (3) 

0.27(1) 
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Figure 2. (a) A stereoscopic drawing of the contents of a unit cell of Pt(C3H(C6H5)(CN)4] [P(C6H5^h- Hydrogen atoms have been omitted for the sake 
of clarity. The other atoms are drawn at their 50% probability levels. The x axis goes from left to right, y from bottom to top, and z comes out of the 
paper, (b) A stereoscopic drawing of the contents of a unit cell of Pt(C3H(C6H5)(CN)3(COOEt)] [P(C6H5)3]2. Hydrogen atoms have been omitted 
for the sake of clarity. The other atoms are drawn at their 50% probability levels. The x axis goes from left to right, y comes out of the paper, and the 
z axis goes from bottom to top. 

(1)°. The average P-C distances for the triphenylphosphine 
ligands in V and VI are normal (1.834 and 1.827 A) and the 
average C-P-C angles are 104.0 and 104.2°, respectively. 

Metallocyclobutane Ring Comparisons 
All six complexes listed in Tables VI and VII possess the 

expected puckered metallocyclobutane ring. The degree of 
puckering is least in the unsubstituted complex I, and this may 
be understood in terms of a minimum 1,2 and 1,3 substituent 
nonbonding interaction. Cyclobutane itself, with a dihedral 
angle of 30 ± 6°, is puckered and the barrier to inversion is low 
(1.4 kcal/mol).19 Figures 4(a) and 4(b) depict the nature of 
the metallocyclobutane puckering in complexes V and VI, 
respectively. The range of puckering angles observed in the 
structures of various substituted cyclobutanes reported earlier 
is from about 20 to 35°.19 As seen from Table V, the extent of 
puckering for the complexes H-VI lies in this same range. Also, 
as would be expected from the number of substituents, a larger 
degree of puckering is observed for V and VI (28.6 (6) and 29.7 
(13)°) than for IV (24.4 (4)°). 

The Pt atom is bonded to atoms C(I) and C(3). A slight 
difference is observed in these two independent Pt-C bond 
distances for V (2.137 (6) and 2.159 (6)), and a larger differ
ence (2.158 (14) and 2.200 (14)) for VI. These differences are 
not significant. However, it is of interest that the shorter Pt-C 
bonds are always trans to the longer Pt-P bonds in V and VI. 
The C(l)-Pt-C(3) angles are not significantly different for 
the complexes IV, V, and VI (68.4 (2), 67.7 (2), and 66.9 (5)°), 
these values being smaller than those for complexes I, II, and 

III (Table VI). However, the limited accuracy of the crystal 
structures for I, II, and III makes legitimate comparisons 
impossible. The presence of the ethyl ester group bonded to 
atom C(3) in complex VI most probably accounts for the larger 
P(l)-Pt-C(3) and P(2)-Pt-C(3) angles observed for VI 
compared with those in IV and V. 

The C(l)-C(2) and C(2)-C(3) distances in V (1.557 (9) 
and 1.548 (10) A) are equal and are similar to those observed 
in a large number of substituted cyclobutanes.19 Differences 
are observed in these two bond lengths in IV and VI. Though 
differences have been observed in the corresponding bond 
lengths in some substituted cyclobutanes, they are usually more 
pronounced in the planar, centrosymmetric molecules and have 
been attributed to steric forces.19 With the exception of the 
short C(2)-C(3) distance of 1.509 A in VI, all these bond 
lengths are considerably longer than the corresponding ones 
in tetracyanocyclopropane20 (1.501 (4) and 1.506 (4) A) and 
in l,l,2,2-tetracyano-3-o-methoxyphenylcyclopropane (Chart 
II (a) where R' = 0-CH3OC6H4,1.528 (3) and 1.527 (3) A).21 

This is to be expected on the basis of ring expansion and the 
consequent relief of strain. For example, the bond distances 
in cyclobutane and cyclopropane are 1.56 (2)22 and 1.524 (14) 
A,23 respectively, and a similar trend is seen in the bond lengths 
of 1,2,3,4-tetracyanocyclobutane24 and 1,2,3-tricyanocyclo-
propane25 (1.561 (3) and 1.518 (3) A). 

The angles within the ring for puckered cvclobutane systems 
are usually about 88°.I9 The Pt-C(l)-C(2) and Pt-C(3)-C(2) 
angles for the metallocyclobutanes IV, V, and VI are found to 
be larger than this value. This observation along with the angle 
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Figure 3. Another view of the coordination sphere of (a) 
Pt[C3H(C6H5)(CN)4][P(C6Hs)3J2 and (b) Pt[C3H(C6H5)(CN)3-
(COOEt)] [P(C6H5J3I2 highlighting the twists (see text). 

Figure 4. The conformation of the metallocyclobutane ring in (a) 
Pt[C3H(C6H5)(CN)4][P(C6Hs)3I2 and (b) Pt[C3H(C6H5)(CN)3-
(COOEt)][P(C6H5)3]2. 

C(l)-C(2)-C(3) of around 100° and C(l)-Pt-C(3) angle of 
about 68° makes for a larger C(l)—C(3) distance in these 
metallocyclobutanes than in the cyclobutanes. Hence, although 
a large number of observations made above lead us to suggest 
a bonding scheme for the metallocyclobutanes similar to that 
used for cyclobutanes,8 the differences in geometry between 
these systems should be borne in mind. The bonding scheme 
in complexes II and III8 has been interpreted as a synergic 
interaction between available metal orbitals of the correct 
symmetry and the molecular orbitals of the cyclopropane 
moiety, as obtained from the Walsh description.26 The orbitals 
of the correct symmetry in the cyclopropanes are antibonding, 
consistent with bond scission. This model does not readily ex
plain the puckering observed, but is supported by the obser
vation that cyclopropanes are liberated from complexes I, II, 
and III on treatment with base.4'7 Under a variety of condi
tions, 1,1,2,2-tetracyanocyclopropane was not liberated from 
IV,1' suggesting that cyano-substituted metallocyclobutanes 
have a greater stability. This can be rationalized, as has been 
done earlier,9 by suggesting that the cyano groups on atoms 
C(I) and C(3) promote 7r-back-donation into corresponding 
antibonding orbitals of the cyclopropane. The above model 
suggests that the Pt-C bonds possess both <r and x character. 
The C(l)-Pt-C(3) angle of about 68° in compounds IV, V, 
and VI is consistent with some bending of the bonds in these 
ring systems. The larger Pt-C(I)-C(2), Pt-C(3)-C(2), and 
C(I )-C(2)-C(3) angles compared with the analogous angles 
in cyclobutane suggests that the C atoms possess greater sp3 

character in the metallocycles. These angles, as well as the 
C(l)-Pt-C(3) angle and the puckering angle, appear to be 

relatively insensitive to the nature of the substituents on the 
metallocycle. From these observations we conclude that the 
strain involved in the metallocyclobutane ring system is smaller 
than that in cyclobutane. 

The phenyl ring substituent on atom C(2) is arranged in an 
equatorial position in complexes V and VI (Figure 4) which 
provides for smaller nonbonded interactions. In bromocyclo-
butane, which has been found to have a puckering angle of 29°, 
the bromine atom takes an equatorial conformation.27 It is 
interesting that complexes V and VI have a similar arrange
ment of the phenyl ring substituent on the metallocyclobutane 
ring (Figures 1 and 4), i.e., the plane of the phenyl ring lies 
nearly parallel to the C(l)-Pt-C(3) plane on the metallocy
clobutane. The corresponding dihedral angles between the 
phenyl ring plane and the C(l)-Pt-C(3) plane in V and VI are 
11.5 (5) and 7.1 (9)°, respectively. This arrangement is about 
the same as that found for the phenyl group bonded to atom 
C(2) in molecule II (Chart I). The dihedral angles between the 
C(l)-C(2)-C(3) plane and the plane of the phenyl ring are 
39.7 (8) and 35.3 (14)° in compounds V and VI, respectively. 
These values are smaller than that of 56° found for the cor
responding 3-o-methoxyphenyl compound.21 One expects the 
greatest amount of ir overlap when the phenyl ring plane is 
perpendicular to the cycloalkane ring system. This is the ar
rangement observed in molecule III, and as II and III are found 
in the same unit cell, it is assumed that there is only a low en
ergy barrier to rotation of the phenyl ring. The rather confusing 
experimental results and theoretical rationalizations on 
halogen and phenyl substitution effects on cyclopropane rings, 
an area closely related to the present discussion, have been 
reviewed recently.28 
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Table VI. Comparisons of Geometries of Platinacyclobutanes 

Pt-C(I) 
Pt-C(2) 
Pt-C(3) 
C(I)-CO) 
CO)-CO) 
Pt-L(I) 
Pt-L(2) 
Pt-P(I) 
Pt-P(2) 
C(I)-CO) 

C(I)-Pt-CO) 
C(I)-CO)-CO) 
Pt-C(l)-C(2) 
Pt-C(3)-C(2) 
L(I)-Pt-LO) 
P(l)-Pt-P(2) 

Pt-C(I)-CO)-CO) 
C(I)-CO)-CO) -Pt 
C(2)-C(3)-Pt-C(l) 
CO)-Pt-C(I)-CO) 

C(I)-Pt-CO) 
LO)-Pt-L(I) 
CO)-Pt-C(I) 
C(I)-CO)-CO) 
C(I)-CO)-CO) 
LO)-L(I)-Pt 

C(I) 
CO) 
CO) 

} 
} 
} 

1" 

2.04(5) 
2.69 (4) 
2.19(5) 
1.48(8) 
1.82(9) 
2.25 (3) 
2.11(3) 

2.55(10) 

74(2) 
101 (4) 
99(4) 
84(3) 
«9(1) 

10(4) 
- 9 ( 4 ) 

7(3) 
- 9 ( 3 ) 

KD 

12(5) 

13(4) 

0.00 (6) 
0.24 (7) 
0.03 (4) 

Il III 

Intramolecular Distances, A 
2.06 (3) 
2.60 (4) 
2.11(5) 
1.59(7) 
1.48(5) 
2.20 (4) 
2.15(3) 

2.39(7) 

Bond Ang 
70(2) 

102(3) 
90(2) 
91(3) 
82(1) 

Conformation 
23(2) 

- 2 3 ( 2 ) 
18(2) 

- 1 7 ( 2 ) 

Dihedral Ar 

4(1) 

28(3) 

28(2) 

2.05 (3) 
2.62(3) 
2.17 (3) 
1.59(4) 
1.71(4) 
2.33 (3) 
2.16(3) 

2.60 (4) 

les, deg 
76(1) 

104(2) 
91(2) 
84(2) 
92(1) 

Angles, deg 
18(3) 

- 1 7 ( 3 ) 
13(3) 

- 1 4 ( 3 ) 

igles, deg 

3(2) 

22(2) 

21(4) 

Displacements from Planes, A 
(i) Plane Defined by L(I) , 

Pt, L(2) [( 3rP( l ) , 
Pt, PO)] 

-0 .09 (4) 
0.44 (4) 
0.07 (4) 

-0 .12 (6 ) 
0.30 (6) 
0.01 (6) 

IV 

2.137(6) 
2.712(6) 
2.139(6) 
1.545(9) 
1.584(9) 

2.314(2) 
2.291 (2) 
2.404 (9) 

68.4(2) 
100.4(5) 
93.5 (4) 
92.3(4) 

96.99 (4) 

20.1 (5) 
-20 .0 (5) 

15.2(4) 
- 15 .6 (4 ) 

18.0(2) 

24.4 (4) 

30.4 (4) 

-0 .356(6) 
0.408 (8) 
0.386(7) 

V 

2.137(6) 
2.694 (6) 
2.159(6) 
1.557(9) 
1.548(10) 

2.302 (2) 
2.332(2) 
2.394 (9) 

67.7 (2) 
100.9(6) 
92.3 (4) 
91.7(4) 

97.15(6) 

23.6 (4) 
-23.3 (4) 

17.8 (4) 
-17 .7 (4 ) 

10.5(2) 

28.6 (6) 

30.6 (4) 

-0.224 (7) 
-0.474 (8) 

0.213(7) 

VI 

2.158(14) 
2.687(14) 
2.200(14) 
1.556(19) 
1.509(19) 

2.303 (4) 
2.339 (4) 
2.403 (20) 

66.9(5) 
103.2(11) 
91.2(8) 
90.8 (8) 

94.6(1) 

24.6(11) 
-24.1 (10) 

18.2(8) 
- 17 .6 (8 ) 

6.4(5) 

29.7(13) 

33.0(11) 

-0 .209(12) 
-0 .594(15) 

0.032(15) 

CO) 

C(I) 
CO) 
L(I) 
LO) 
Pt 
CO) 

0.22(9) 

(ii) Plane Defined by C(I), 
Pt, C(3) 

0.46(5) 0.39(8) 0.41 (1) 

(iii) Weighted, Least-Squares Plane Defined by 

-0.01 (6) 
0.00 (4) 
0.00(3) 
0.00 (3) 
0.008 
0.218 

C(I), C(3), L(I), L(2) 
-0.05 (3) 
0.05 (3) 

-0.02 (2) 
0.02 (2) 
0.006 
0.459 

-0.03 (5) 
0.04 (5) 

-0.02 (4) 
0.03 (5) 
0.026 
0.376 

-0.348 (6) 
0.380(6) 
0.012(1) 
0.010(1) 
0.000 
0.410 

0.47(1) 

-0.214(7) 
0.207 (7) 
0.013(2) 

-0.009 (2) 
0.002 

-0.473 

0.47 (2) 

-0.115(14) 
0.121 (14) 
0.005 (4) 

-0.006 (4) 
0.042 

-0.482 

o Notation of Chart I. 

The conformation angles shown in Table VI clearly indicate 
the similarity in the nature of puckering, also reflecting the 
corresponding magnitudes of puckering in the six complexes 
listed. Relief of ring strain and the attack by platinum(O) on 
the positively charged carbon atom (possessing the electron-
withdrawing cyano groups)13 have both been suggested as 
being possible driving forces for the insertion reaction. This 
has been prompted by the observation of the insertion of 
platinum(O) into a tetracyanocyclobutane derivative.6 That 
both these factors are of importance is seen from the obser
vation that tetracyanocyclopropane is more reactive than the 
tetracyanocyclobutane.6 Though we have not conducted any 
kinetic studies, there appear to be no significant differences 
in the rates of formation of IV, V, and VI. Preliminary studies 
performed by us indicate that a straightforward insertion does 
not seem to occur with a 1,1,2,2-tetracyanocyclohexane de

rivative. Attempts are being made to characterize the reaction 
products. 
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Introduction 
The catalytic carboalkoxypalladation of various organic 

halides 
LnPd" 

RX + CO + R'OH —*- RCO2R' (1) 
base 

can be carried out under very mild conditions.1 The key step 
in the reaction is the oxidative addition of the organic halide 
to the zerovalent palladium phosphine complex. Since this step 
also determines the stereospecificity of the reaction, a study 
of the stereochemistry and the mechanism of the oxidative 
addition reaction was undertaken. 

Optically active benzyl-a-rf chloride (la) and a-phenethyl 
bromide (2) react with carbonyl tris(triphenylphosphine)-
palladium(O) 3 with complete inversion of configuration at the 
asymmetric carbon.2 The reaction of 1 with tetrakis(triphen-
ylphosphine)palladium(O) (4) gave an isolable benzyl complex 
but only 74% net inversion of configuration at carbon was 
observed. However, when carbon monoxide was present during 
the oxidative addition, 100% net inversion of configuration on 
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elimination predominated. The predominance of inversion of 
configuration at carbon is more consistent with a concerted 
oxidative addition mechanism than with the generation of 
radical intermediates. 

In contrast to these results, CIDNP was observed during the 
oxidative addition of benzyl bromide to tris(triethylphos-
phine)platinum(O) (5) and isopropyl iodide to tris(triethyl-
phosphine)palladium(O) (6). On the other hand, no CIDNP 
signals were detected in the addition of benzyl chloride to 5.3b 

Therefore, it was suggested that free-radical processes are 
involved in the oxidative addition of certain alkyl halides to d10 

zerovalent metal phosphine complexes, while with others an 
SN2-type mechanism operates. In the present study we have 
tested these ideas using two model compounds, a chiral benzyl 
chloride and a bromide, as stereochemical probes in the oxi
dative addition to 6. 

Results and Discussion 
Reactions and Product Characterization. Benzyl chloride 

and bromide react extremely rapidly with 64 under very mild 
conditions; the stoichiometry of both reactions was found to 
be consistent with eq 2 and 3. 

The products were isolated either by direct crystallization 
in the benzyl chloride case or by column chromatography in 

Stereochemistry of Oxidative Addition of 
Benzyl-a-<f Chloride and Bromide to 
Tris(triethylphosphine)palladium(0). 
Direct Observation of Optical Activity in a 
Carbon-Palladium er-Bonded Complex 

Y. Becker and J. K. Stille* 
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Abstract: The absolute configurations of the products of oxidative addition of optically active benzyl-a-d chloride (la) and 
bromide (lb) to tris(triethylphosphine)palladium(0) (6) were determined using carbonylation and cleavage with Cb/MeOH 
to produce the corresponding methyl esters. In both cases inversion of configuration at carbon was observed; higher optical 
yields were obtained with benzyl chloride. Neither a nucleophilic exchange mechanism in the neutral benzyl complex nor a o-ir 
rearrangement in the cationic intermediate (S')-(+)-PhCHDPd(PEt3)2+ is responsible for the observed loss of stereochemis
try. 
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