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Abstract

Barriers to metal-arene ring rotation in [1,4-C¢H (SiMe,), JCr(CO),PPh; and (1,3,5-C, H ;' Bu,)Cr(CO),PPh, are lowered relative to
a previously reported barrier of 32kJmol ™' for (1,4-C¢H,'Bu,)Cr{CO),PPh,. Reasons for the decreased barriers are discussed in the

light of crystal structure determinations of these complexes.
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1. Introduction

There has been considerable interest in the study of
rotational barriers in metal-arene complexes in recent
years, concentrating mainly on slowed tripodal rotation
in (arene)Cr(CO), and related derivatives. For (ben-
zene)Cr(CO), and its simpler derivatives, the computed
low energy barriers to rotation (< Skimol~') [1,2}
have been confirmed by electron diffraction measure-
ments in the gas phase [3] and C spin lattice relaxation
measurements in solution [4). Higher barriers which are
amenable to study by variable temperature NMR meth-
ods may be generated either electronically by partial
localisation of the arene ring [5] or sterically through
introduction of demanding groups either on the ring or
on the metal (for a comprehensive review which in-
cludes all leading references, see Ref. [6]). Though
substitution of CO by phosphine might be expected to
increase the barrier to rotation, in practice steric conges-
tion in C,Et, complexes is relieved through an increase
in the distal /proximal ratio of the methyl groups and
arene~M rotation remains rapid on the NMR time scale
at low temperature. Only in three cases have barriers
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been measured for (arene)Cr(CO), PPh, complexes
[7.8], and for several other molecules [9), restricted
M-P rotation is the process of highest energy. We have
recently determined the molecular structure and barrier
to rotation in (1,4-C¢H ,'Bu,)Cr(CO),PPh, (1) [8), and
wish 1o report here our results on the structure and
fluxionality of [(1,4-C,H ,(SiMe,),]CH{CO),PPH, (2)
and (1,3,5-C¢H,'Bu,)Cr(CO),PPh, (3) which shed fur-
ther light on the influence of stereoelectronic effects on
rotational barriers in complexes of this type.

bt ﬁu'
*HCONRPIh, CHCOLPPY,

($)] @ (3)

2. Results and discussion

Complexes 2 and 3 were prepared from the tricar-
bonyls by photolysis (complex 3 has previously been
prepared, but not studied by VT NMR methods, see
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Ref, [10D. *C NMR spectra of the tricarbonyls are
temperature invariant down to —115°C in CD,Cl,. The
molecular structures of complexes 1-3 are shown in
Fig. 1, and important geometrical data are given in
Table 1.

2.1. Structure and fluxionality of complex 2

Complexes 1 and 2 both exhibit the staggered con-
formation (A) which is favoured on both electronic and
steric grounds.

Sterically, the large PPh, ligand is placed furthest
from the EMe, (E = C, Si) substituents. Electronically,
the ML, fragment may be regarded as having two
interpenetrating trios of orbitals, three of which are lone
pair and parallel to the M-L axes and three of which
are empty and localised in regions of space which
stagger the M=L axes. Thus, the ML, moiety will
orient itself such that the empty hybrids point towards
the region of highest electron density, For a para-dis-
ubstituted electron donor complex, this is best satisfied
by conformation (A) [2]. A comparison of 1 and 2
reveals reduced steric distortion in 2, Whereas in 1 both
the arene C1/4 and CMe, carbons are displaced away
from the C2/3/5/6 plane by 0.07 and 0.35 A respec-
tively, the arene ring in 2 is essentially planar, with the
silicon atoms displaced by 0.29 A from the arene plane.
Si=C bond lengths are comparable with those in
(C4H;SiMe,)M(CO), (M = Cr, Mo) [11).

One other minor structural variation between 1 and 2
may be noted, in that if viewed down the C1-C4 axis
the arrangement of the methyl groups is approximately
staggered in 2 but eclipsed in 1. Crystal structure deter-
minations of both free ligands [12] reveal a staggered
configuration in the solid state, though MM2 calcula-
tions on the free ligands show less than 0.5kJ mol~"
difference between the eclipsed and staggered confor-
mations. In 1 and 2, the methy! groups adopt positions
which minimise interactions with the (CO),PPh, moi-
ety. However, the conformations of the phosphines are
likely to be determined by crystal packing forces as they
reach into the crystal structure.

NMR studies also reveal a reduced rotational barrier
for 2 compared with 1. Whereas in 1 the “C(2.3.5.6)
resonance is resolved into two at — 115°C, the analo-
gous resonance for complex 2 is only substantially

w0
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Fig. 1. Molecular structures of complexes 1 to 3.
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Table !
Important geometrical data for complexes 1 to 3 *
| 2 3
Cr-P 2.328(2) 2.332(1) 2.33%(1)
Cr-CO (av) 1.813(8) 1.828(2) 1.812(4)
Cr—C{arene) Cl 2.305(8) 2.274(1) 2.251(3)
c2 2.172(8) 2.168(1) 2.260(3)
C3 2.200(8) 2.188(1) 2.345(3)
C4 2.306(7) 2.236(2) 2.258(3)
<5 2.229%6) 2.201(2) 2.212(3)
C6 2.246(7) 2.222(1) 2.205(3)
C-0(av) 1.174(8) 1.157(2) 1.163(5)
Clarene)-EMe; (av) 1.51(1) 1.888(2) 1.535(4)
E-Me (av) (E =C, Si) 1.51(1) 1.864(3) 1.52646)
P-C(av) 1.842(7) 1.837(2) 1.848(3)
0oC-Cr-CO 82.9(3) 86.7(1) 84.42)
P-Cr-CO 89.5(3) 87.6(1) 86.5(1)
91.5(3) 83.4(1) 85.6(1)
Me-~E-Me (av) 107.9(9) 109.9(1) 108.5(3)
C-P-C (av) 100.4(3) 101.8(1) 101.0(2)

* Bond lengths in A, bond angles in deg.

broadened at this temperature. Assuming, however, that
the chemical shift difference for the C(2,3) /C(5.,6) pairs
is the same for both 1 and 2, a barrier of 29 + 2kJ mol ™!
may be estimated compared with 31.6kJmol~' for -Hsec
complex 1 [assuming A8 = 513 Hz, rate constants (s™')

and AG*? values (kJmol™') are 59000, 28.9 (193K),

11000, 28.1 (173K) and 860, 28.9 (158K); an uncer-

tainty factor of two in the chemical shift difference W

corresponds to an error margin of 2kJmol™' in AG*).

An analogy with organic chemistry may be found in the
reduced barrier for rotation found in CH,SiH,
(7.1 k) mol ™ ") compared with CH,CH, (12.1kJmol™")
[13].

\

l

2.2. Structure and fluxionality of complex 3 " !
|
[

-118°C

Surprisingly, NMR studies of 3 also reveal a reduced -H0°C
rotational barrier relative to 1, with the C(2,4,6) reso- f
nance exhibiting only a substantially broadened reso- / l

nance at —115°C (Fig. 2) rather than the 2:1 pair l M}{Wﬁ MI‘V‘M’W}
expected for any conformation which is static on the G
NMR time scale. Assuming a value of 5-10ppm for the WWW
chemical shift difference between limiting low tempera- i
tuie resonances (the spectrum of [(C4Et,)C{CO)- L e |
(CSXNO)]* at 168K shows six ring resonances spread oo ‘
over a 6-7 ppm range, see Ref. [14]), a rotational barrier . 40°C |
of 28 +3kImol™' may be calculated [using Ad= i
5 ppm, rate constants (s™') and AG* (kJmol~') values Cira |
are 92000, 29.5 (193K), 34000, 27.7 (173K) and l
4500, 27.9 (158K)).
A rationalisation for this result may be obtained il
throu.gh analysis of the mo{ecular structure. 'l'hex:c are e ' j M
two independent molecules in the asymmetric unit and . VW
their structures are almost identical, with only minor
differences in geometry. Muximum steric pressure is Fig. 2. Variable temperature *C NMR spectra of 2 and 3 (CD,Cl,).

-30°C

l(')() 9b ppm 'g(, 85 ;;p_m AU4
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observed in the interaction between the butyl group on
C(3) and the phosphine. The aromatic rings bonded to
chromium are essentially planar, with a maximum devi-
ation from the plane of 0.037 A: maximum deviations in
both rings are shown by the atoms C(3) and C(103)
which bear the substituent which is directly above the

ine. The chromium-ring carbon distances are
normal for all except Cr(1)-C(3) and Cr(2)-C(103)
which unusually are longer than the Cr-P bonds. The
effect of steric pressure is also clear when the deviations
of the tertiary carbons in the butyl groups from the
planes of the aromatic rings are examined; C(7). C(11)
and C(15) are 0.243, 0.446 and 0.208 A out of the plane
away from the chromium (the corresponding figures for
the other molecule are 0.195, 0.434 and 0.236 A). Con-
siderable compression of the interligand angles (L-Cr-
L(av) = 86°) is also observed. The electronic preference
for the eclipsed configuration is thus substantial, provid-
ing a ground state molecule which appears much closer
in energy to the steric demands of the transition state for
arene rotation than the staggered ground states of 1 and
2, where stereoelectronic influences reinforce a much
deeper ground state energy well. [(Mesitylene)M(CO), L
complexes also exhibit eclipsed structures, though dis-
placement of methyl groups from the arene plane is not
above 0.07A, sce Ref. [15); the structure of (1,3,5-
C,H,'Bu;)Mo(CO), is characterised by longer M-
Clarene) bonds (2,39 A) and a smaller displacement of

the CMe, carbon from the arene plane (0.18 A), see
Ref. [16).]

Finally, it may be noted that in contrast to 1 and 2,
where the C subspectrum of the PPh, ligand remains
sharp at —115°C, this subspectrum for 3 is also sub-
stantially broadened at — 115 °C, indicative of restricted
Cr-P rotation. We have not been able to estimate this
barrier, and therefore cannot comment on the possibility
that this process may be corielated with Cr—-arene rota-
tion.

3. Experimental

NMR spectra were recorded using a JEOL GSX270
spectrometer; temperatures were measured using the
built-in copper—constantan thermocouple previously cal-
ibrated with a platinum resistance thermometer. 'H, PC
and *'P spectra were measured at 270, 68 and 109 MHz
respectively. Chemical shifts were measured relative to
SiMe, ('H, *C) and 85% H,PO, (*'P).

3.1. Synthesis

1,4C¢H ((SiMe;), was prepared by a literature
method [17]: white solid, m.p. 75-79°C. 'H NMR
(CDCl,) 7.49 (4H, s, H2,3,5,6), 0.23 (9H, s, SiMe,);
C NMR (CDCl,) 1409 (C1,4), 132.6 (C2.3.5.6),
= 1.20 (SiMe,).

Table 2

Crystal data and data collection parameters for 2 and 3

Compound 2 3

Empirical formula Cy3 H,;, 00, PSi,y CyyH 4 CrO, P

Formula weight 592.77 616.71

Temperawre 294DK 293(2)K

Crystal system Moneclinic Triclinic

Space group P2,/¢ P

Unit cell dimensions a=8.4810(7 A, a = 90° a=1031113)A, a=86.60(17°
b= 18.6722) A, B = 90.790(8)° b= 105212 A, g = 88.422F
c=19.614(3)A, y = 90° c = 3173%6) A, y = 60.1%(2P°

;olume 3105.72(6) A 35480010 A°
4 4

Density (cale.) 1.268 Mgm -* 1.15SMgm™*

Absorption coefficient 0.524mm"! 0.397mm ™!

F(000) 1248 1312

Crystal size 0.40 % 0.45 X 0,38 mm® 0.38 % 0.42 X 0.4 mm*

Theta range for data collection 210 30° 210 30°

Index ranges 0shgii0<kg26 -27s1g2? 0shs 13 =12<4<13;, =53gic @9

Reflections collected 913 18520

Independent reflections Y023 [R{) = 0.0157) 17106 { R( /) = 0.0338)

Data /restraimts / parameters 9023,/0/349 17106/0/773

Uoodness-ot-fit on F? 1.056 0.902

Final R indices [1> 20(1) R, = 00369, wR, = 0.1258 R, = 00841, wR, = 0.2506

R indices (all data) R, = 0.0491 wR, = 0.13$7 R, = 0.1096, wR, = 0.2844

Largest diff. peak and hole 0.386 and =0,2230 4"}

1.379 and — 1.180e A~ *

R indices; R, = [ZIIF,| = K]/ E1F,| (based on F), wR, = (X, (IF2 = FARIE, AED? (based on F2).

weg/leF)} +(a" P +b P+ d+ e sin(8))
Goodness-of-fit [ X, (F5! = F2) /Ny, = Nypru 12,



Table 3

Atomic coordinates for complexes 2 and 3

Atom x y 2
Complex 2

Cx(1) 4406(1) §470(1) 3218(1)
Q) 5349%(1) 7318(1) 3438(1)
5i(2) 2854(1) 8843(1) 1417(1)
Si(1) 7705(1) 9730(1) 3954(1)
o(1) 3443(3) 8559(1) 4671(1)
o2) 1196(2) 785%(1) 2957(1)
o) 6300(2) 9328(1) 3305(1)
2 4747(2) 9620(1) 32541
c3) 3732(2) 9465(1) 2702(1)
(6 C)) 4183(2) 8974(1) 2188(1)
(0 O] 5675(2) 8643(1) 2261(1)
«6) 6712(2) 8816(1) 2807(1)
on 9754(2) 942%(1) 3787(2)
a®) 7581(3) 10720(1) 3814(1)
a9 7128(3) 9533(1) 4848(1)
c(10) 3451(4) 9543(2) 798(1)
c(11) 755(3) 8997(2) 1661(1)
12) 307%(3) 7931(1) 1055(1)
c(13) 3851(2) 8517(1) 4114(1)
c«(14) 2456(2) 8081(1) 3056(1)
a5) 3855(2) 6626(1) 358%(1)
a(16) 2637(2) 6777(1) 4040(1)
(o {})] 1495(2) 6275(1) 4182(1)
a1®) 1518(3) 5615(1) 3874(1)
a19) 269%(3) 5456(1) 3425(1)
(20) 3866(2) 5952(1) 3286(1)
a@l) 6542(2) 6904(1) 2772(1)
©Q22) 5865(2) 6832(1) 212801)
«23) 6714(3) 6550(1) 1591(1)
«29) 8241(3) 6341(1) 1696(1)
25 8935(3) 6409%(2) 2328(1)
©26) 8087(2) G6RB(1) 2871(1)
o@2n 6612(2) 7214(1) 4203(1)
«(28) 6442(3) 6667(2) 4671(1)
€(29) 7386(3) 6644(2) 5261(1)
«(30) 8526(3) 7153(2) 5371(1)
c3n 8757(4) 7675(1) 489%(2)
©(32) 171944) 721 4321(1)
Complex 3

Ci(1) 2044(1) 81%(1) 386A1)
Ce(2) 8768(1) 8299%(1) 1243(1)
K1) 2041(1) =713(1) 3444(1)
P(2) 8334(1) 7556(1) 1802(1)
o1) - 1278(4) 2502(5) 3796(1)
o(2) 1888(7) 2810(5) 3262(1)
o(101) 7921(6} 11148(4) 1546(1)
0(102) 5479(4) 9746(6) 1130(1)
1) 3887(4) 1131(3) 4076(1)
«2) 4417(49) - 384(3) 4076(1)
3) 3681(3) =1037(3) 4272(1)
c(4) 2316(9) - 125(3) 4432(1)
(s) 170%(3) 1429%(3) 4428(1)
(6) 2535(4) 2016(3) 4255(1)
(e )] 4859(5) 1778(5) 3935(1)
«(8) 5735(6) 1046(5) 3597(1)
(«0)} 6008(6) 1401(8) 4231(2)
c(10) 3994(7) 3398(5) 3860(2)
can 4503(4) =2687(3) 4372(1)
«12) 4984(5) —2838(4) 4760(1)
c(13) 5914(5) - 3541(4) 4151(1)
c14) 3522(5) -3373(4) 4344(1)

Table 3 (continued)
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Atom X

y 2z

c(1s) 371(4) 2367(4) 4667(1)
c(16) ~-835(S5) 1933(5) 4672(1)
a1 - 360(5) 3998(4) 4552(1)
a(18) 980(6) 2140(6) 5042(1)
a19) 2109 1810(5) 3827(1)
(20} 197%(6) 2003(5) 3494(1)
a21) 958(3) —1666(3) 3529(1)
c(22) 324(4) -1652(4) 3855(1)
C(23) —403(5) —2452(5) 3927(1)
Q29) —=503(5) -32725) 366%(1)
Q(25) 84(4) —3256(5) 3333(1)
C(26) 792(4) —2448(4) 3264(1)
@27 1226(4) 190(4) 3007(D)
C(28) - 284(5) 1210(5) 2988(1)
«(29) —-953(6) 1911(6) 2665(1)
«(30) = 1247 1581(6) 235%(1)
c@3n 135%(7) 56%(7) 2372(D
«(32) 2069%(6) - 138(6) 2697(1)
«(33) 3897(4) -2192(3) 3315(1)
«(34) 4310(9) -3665(4) 33172(1)
35 5770(5) - 4722(4) 3236(1)
C(36) 6825(5) - 4294(5) 3144(1)
ci3n 6410(4) -2831(5) 31321
«(38) 4972(4) = 1796(4) 32191
caon 9008(4) 7817(4) 673(1)
€(102) 9665(4) 6439%(4) 868(1)
C(103) 10824(4) 6012(4) 110%(1)
(109 11278(4) 7032(4) 1180(1)
(105) 10694(4) 8402(4) 988(1)
C(106) 9575(4) 8760(4) 733(1)
a107) 794%(6) 8141(6) 362(1)
(108) 6953(7) 9754(6) 278(2)
(109 8932(9) 7462(9) a1
€(110) 6942(7) 7470(7) 4262)
cp 11763(5) 4376(4) 122%(1)
a112) 12495(6) 3558(5) 890(1)
C€(113) 10831(6) 3751(4) 1402(1)
(118} 11460(6) 9321(5) 1018(1)
C(114) 13018(5) 407%45) 1488(1)
«116) 11938(7) 9335(6) 1398(1)
c(117) 10451(8) 10917(6) 880(2)
c11y) 12864(7) 8616(8) 787(2)

any 8271(6) 10026(4) 1435(1)
€(120) 6777(5) 9155(5) 1174(1)
ca21) 7334(4) 650%4) 1840(1)
«(122) 7119(5) 5918(5) 1543(1)
a(123) 6447(6) 5055(7) 1570(2)
129 5949(6) 4810(6) 1901(2)
C(125) 6115(5) 5407(5) 2192(1)
C(126) 6797(5) 6264(5) 2164(1)
c(127) 9986(4) 6495(3) 2088(1)
c(128) 10311(9) 5206(4) 2287(1)
€(129) 1155%5) 4523(4) 2505(1)
C(130) 12474(5) 5116(5) 2530(1)
c(13n 12181(4) 6363(5) 2336(1)
c(132) 10946(4) 7054(4) 21121
(133) 7155(4) 9016(4) 2105(1)
C(134) 7661(5) 9213(5) 2420(1)
C(135) 6704(6) 1027%5) 2647(1)
C(136) 5242(6) 11172(5) 2560(1)
c(137) 469%(6) 11003(6) 2246(2)
C(138) 5646(5) 9933(5) 2020(1)
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1,35-C¢H,'Bu; '"H NMR (CDCl,) 7.25 (3H, s,
H2.4.6), 1.30 (12H, s, CMe,); '*C NMR (CDCl,) 150.0
(C1,3.5), 119.5 (C2,4,6) (from Ref. [18)).

The (arene)Cr(CO), complexes were prepared by
standard methods [18-20].

(a) [1,4-C4H (SiMe,),]CH(CO);: yellow solid, m.p.
114-115°C. IR (CH,Cl,, cm™!): 1959, 1983. 'H NMR
(C,Dy) 4.76 (4H, s, H2,3,5,6), 0.14 (9H, s, SiMe,); 'C
NMR (CD,Cl,) 102.8 (C1,4), 98.1 (C2.3,56), 1.47
(SiMe,), 234.1 (CO).

(b) (1,3,5-C,H,'Bu,)Cr(CO),: yellow solid, m.p.
125-128°C. IR (CH,Cl,, cm™'): 1947, 1871, '"H NMR
(C¢Dy) 5.72 (3H, 5, H2,4,6), 1.09 (12H, s, CMe,); "’C
NMR (CDCl,) 118.4 (C1,3,5), 93.2 (C2,4,6) (from Ref.
[18).

Complexes 2 and 3 were prepared by photolysis of
the tricarbonyls in toluene using a literature procedure
[18)

(a) Complex 2: red crystals, m.p. 190-93°C. Anal.
Found: C, 65.0; H, 6.43. C,H,,CrO,PSi, Calc.: C,
64.6; H, 6.23%. IR (CH,Cl,, cm~'): 1879, 1819, 'H
NMR (C¢D,) 4.48 (4H, d, H2,3.5,6, Jp_, = 2.9H2),
0.20 (9H, s, SiMe,), 6.9-7.8 (15H, m, PPh,); *C NMR
(CD,Cl,, Jp_c values in parentheses) 100.3 (Cl1,4),
93.3(C2.,3,5,6), 140.1 (32.3), 133.2 (10.7), 129.0 (1.4),
128.0 (8.7) (PPh,). 242.3 (20.8) (CO). "'P NMR
(CDCl,) 89.5.

(b) Complex 3: red crystals, m.p. 129=132°C (de-
comp.). Anal, Found: C, 74.3; H, 9.69, C H ,,CrO,P
Cale.: C, 74.0; H, 9.87%. IR (CH,Cl,, em™'): 1867,
1803. 'H NMR (C,D,) 5.21 (3H, 5, H2,4,6), 1.13 (12H,
3, CMe,), 6.9=7.8 (15H, m, PPh,): "'C NMR (CD,Cl,,
Jp.¢ values in parentheses) 120.4 (C1,3.5). 849
(C2,4,6), 31.1, 34.8 (CMe,), 140.8 (31.6), 134.0 (10.7),
128.8, 127.8 (8.8) (PPh,), 242.8 (20.5) (COX: 'P NMR
(CDCI,) 88.0.

3.2. Crystallography

Suitable crystals of 2 and 3 for X-ray analysis were
obtained by crystallisation from petroleum ether (60-
80). The crystal and refinement data are given in Table
2. Intensity data were collected at room temperature on
an Enraf-Nonius CADAF diffractometer with Mo K &
radiation (A = 0.71069 &) using the w-20 scan method.
Data were comracted for Lorentz and polarisation ef-
fects, but not for absorption. Crystals of 3 were all
twinned and too large for data collection. The crystal
piece for data collection was cut from a larger twinned
one until the remaining piece showed no twinning as
Judged by examination on a polarising microscope. The
standard deviations on the bond lengths are quite satis-
factory, and the largest peaks in the final difference map
are small and close to chromium. However, the R
indices are larger than might have been expected, and
this is possibly due to slight internal damage which the

crystal suffered on being cut. The structure was solved
by direct methods, SHELXs-86 [21], and refined by full-
matrix least-squares using SHELXL-93 [22]. Data were
corrected for Lorentz and polarisation effects but not for
absorption. Hydrogen atoms were included in calculated
positions with thermal parameters 30% larger than the
atom to which they were attached. The non-hydrogen
atoms were refined anisotropically. All calculations were
performed on a VAX 6610 computer. The ORTEX pro-
gram was used to obtain the drawings [23]. Atomic
coordinates are listed in Table 3. Full crystallographic
data have been deposited at the Cambridge Crystallo-
graphic Data Centre.
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