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Gold-Boron Chemistry. Part 1. Synthetic, Structural, and Spectroscopic
Studies on the Compounds [5,6-p-(AuPR,)-nido-B, H,,] (R = cyclo-C,H,, or

C,H,Me-2)t

Andrew J. Wynd, Alistair J. McLennan, David Reed, and Alan J. Welch”
Department of Chemistry, University of Edinburgh, Edinburgh EHS 3JJ

The new Class 2 gold-boron compounds [5,6-u-(AuPR,)-nido-B,,H,,] (1a; R = cycio-C,H,,; 1b,
R = C,H,Me-2) have been prepared by the reaction between [AuMe(PR,)] and B,,H,, in CH,CI,.
Compound (1a) is also afforded by reaction between [AuCI{P(C4H,,),}] and [B,,H,,] ~. The exact
mechanism of the first reaction is unclear, but probably proceeds via sequential oxidative addition
and reductive elimination. Crystallographic analyses of compounds (1) show the expected
decaborane-like geometry. There is some evidence of an intramolecular interaction between Au and
the B(9)-H-B(10) bridge system. A thorough n.m.r. study of (1b) was undertaken, including an
"B(COSY) experiment which allowed almost complete assignment of the ten inequivalent B atoms

in the molecule.

There is continuing interest in the synthesis and characteris-
ation of new metallaboranes and carbametallaboranes,'~® and
important accompaniments to these experimental studies have
been the recognition of simple structural patterns and state-
ments of the associated electron-counting principles which serve
to underpin the subject.’

Transition-metal derivatives of boranes and carbaboranes
are now known for an impressive range of metals, but there are
relatively few examples involving the Group 1B elements Cu,
Ag, and Au. We find it convenient to divide the Group 1B
derivatives according to structure type. Class 1 refers to those
species in which the Group 1B element resides in a polyhedral
vertex ©8-'% whilst Class 2 refers to those in which the metal
atom bridges a polyhedral edge.!3-2° A final group, Class 3, is
that in which the polyhedron and Group 1B element are simply
connected via a single two-centre two-electron bond.?!

We recognise that some examples of Class 1 Group 1B
metallaboranes may be contentious. Thus, for example, for
[(Ph,P),CuB,H,]%!? it is a moot point whether or not one
regards the Cu atom to be an integral part of the polyhedron.
Doing so, one recognises that this species is simply a metalla-
borane derived from B,H,,. Alternatively one might argue that
the relationship between [(Ph;P),CuB3H,] and [B;Hg] ™ 22:23
is no more than that between [Cu,B,,H,,]2* and [B,,H,,]1*",
i.e. covalent bonding between an exo-polyhedral B-H electron
pair and the metal atom, in much the same way as one regards
agostic M/C-H bonding in organometallic complexes.?* For
the present purposes we will regard molecules such as [(Ph;P),-
CuB;Hg] as Class 1 metallaboranes.

One of the many successes of the isolobal analogy
developed by Hoffmann?® is the popularity of the re-
placement of u-H atoms in transition-metal cluster com-
pounds by the (isolobal) {u-AuPR;} fragment, affording
species that are frequently more stable and generally more
readily analysed by X-ray crystallography.?” Given that well
known analogies exist between the electronic and consequent

t 5,6-u-[Tri(cyclohexyl)phosphinejaurio- and  5,6-u-[tri(o-tolyl)-

phosphine]Jaurio-nido-decaborane, respectively.

Supplementary data available: see Instructions for Authors, J. Chem.
Soc.. Dalton Trans., 1987, Issue 1, pp. xvii—xX.

geometric structures of polyhedral boron hydrides and low-
valent transition-metal clusters,?® and that the nido, arachno,
and hypho families of the former frequently contain several p-
H functions,?® we became interested in the potential multiple
replacement of H bridges in boranes by {AuPR,} fragments,
with the additional possibility of products containing
gold-gold bonds.

This first paper in this series is concerned with species of the
type [5,6-u-(AuPR,)-nido-B, H,;] (1), in which a single p-H
atom of B, H,, is isolobally substituted. Some aspects of this
work have been communicated previously.®°

Experimental

Syntheses—Standard Schlenk-tube techniques were used
throughout, with all solvents thoroughly dried and distilled
under N, before use. N.m.r. spectra were recorded at room
temperature on JEOL FX 60 Q (*'P) and Brucker WP 200 SY
(*H)and WH 360 ({H, !!B) spectrometers, the last fitted with an
Aspect 3000 computer. Chemical shifts are relative to external
SiMe, (*H), 85% H,PO, (*'P), and BF;-OEt, (!!B), positive
values to high frequency. Techniques for recording 'H-{!!B}
and 'B(COSY) spectra have been described previously.! Lr.
spectra were recorded as KBr discs or as CH,Cl, solutionson a
Perkin-Elmer 598 spectrophotometer. Microanalyses were by
the departmental service.

[AuX(PR,;)] (X = Cl or Me; R = cyclo-C4H,, or C¢H,-
Me-2). The known 32 species [AuCl{P(C4H | ,);}] was prepared
bydirect reaction 33 between HAuCl, and P(C¢H ), in absolute
ethanol ** and its purity checked by C and H microanalysis and
by n.m.r. spectroscopy [*'P-{'H} (CD,Cl,), § 53.9 (s) p.p.m.].
The compound [AuCH{P(C,H,Me-2),}] was synthesised anal-
ogously as colourless crystals in 919 yield (Found: C, 46.9;
H, 3.90. C,,H,,AuCIP requires C, 46.9; H, 3.90%); *'P-{'H}
(CDCL), 6 8.2 (s) p.p.m. Methylation of the phosphine gold
chlorides using LiMe in Et,O3%° afforded white crystals
of [AuMe{P(Cs¢H,);}] [91% (Found: C, 457, H, 7.25.
C,sH36AuP requires C, 46.3; H, 7.35%), *'P-{’H} (CD,Cl,),
8 59.9 (s) p.p.m.] and [AuMe{P(CsH Me-2),}] [68% (Found:
C, 50.2; H, 4.50. C,,H,,AuP requires C, 51.2; H, 4.70%);
31P.{1H} (CD,Cl,), 3 37.0 (s) p.p.m.].
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[5,6-u-Au{P(C¢H;,);}-nido-B,(H,,] (la). To a stirred
solution of [AuMe{P(C¢H,,);}] (0.7715 g, 1.567 mmol) in
CH,Cl, (10 cm®) was added, dropwise, a solution of B, H,,
(0.1913 g, 1.567 mmol) in CH,Cl, (10 cm?® and 15 cm?® wash-
ings). A bright yellow solution was quickly formed, followed by
gas evolution and the deposition of a white precipitate. The
solid product was filtered off and washed with 2 x 5 cm?
aliquots of ice-cold CH,Cl,. The volume of the combined
filtrate and washings was reduced in vacuo and cooled to
—30°C to afford a second crop of crystalline solid, sub-
sequently recovered. The combined solid product was purified
by recrystallisation from CH,Cl,, affording colourless crystals
(0.703 g, 75%) (Found: C, 35.7; H, 7.70. C,3sH,6sAuB P requires
C, 36.1; H, 7.75%); Vi (KBr) at 2900, 2844 (both C-H),
2 530br (B-H), 1920—1 850vw (B-H-B), 1 440 (C-H), 1 000
(P-C), 510 (Au-P), 470w, and 385w (both Au-B) cm~!. N.m.r.:
31P.{1H} (CD,Cl,), 8 68.9 (br); 'H, 3 1.84 (br), 1.63 and
1.27 (br); *!B-{'H} (CDCl,), 5 16.12 (1 B), 9.32 (1 B), 8.41 (1 B),
2.82 (1 B), 1.41 (1 B), —0.57 (2 B), —1.01 (1 B), —29.53 (1 B),
and —35.63 (1 B); 'H-{*'B} (CDCl,), § 5.05, 3.72, 3.50, 3.29,
3.17, 2.94, 2.90, 2.62, 0.64, 0.60 (all B-H), —0.13, —2.93, and
—3.84 (all B-H-B) p.p.m.

Alternatively, to a freshly prepared,®® stirred solution of
[NEt,H][B,,H;3] (0.195 mmol) in CH,Cl, (15 ¢cm?® was
added, dropwise, [AuCl{P(C¢H, );}] (0.100 g, 0.195 mmol) in
the same solvent (25 cm?). The resultant bright yellow solution
was stirred for ca. 4 h at ambient temperature. After removal of
solvent in vacuo, addition of CH,Cl, afforded a yellow solution
and a white precipitate. The latter was identified as compound
(1a) by *!'P-{"H} n.m.r. and microanalysis. Yield 0.060 g, 51%.

[5.6-u-Au{P(CsH Me-2),}-nido-B,H,,] (1b). This was
entirely analogous to the first preparation for compound (1a)
except that the product was not deposited from CH,Cl, until a
concentrated solution was cooled (—30 °C). The product was
washed with ice-cold hexane (2 x 5 ¢cm?) to afford very pale
yellow crystals in 65% yield. Microanalytical results on a
crystalline sample are consistent with the 1:1 solvate [{(C¢H,-
Me-2),P}AuB, H,,;]- CH,Cl, (Found: C, 37.0; H, 5.10. C,,-
H;4,AuB,P-CH,Cl, requires C, 37.4; H, 5.15%.); Vmax (CH,Cl5)
at 2905, 2940 (both C-H), 2 550 (B-H), 1 590 (C-C), 1450
(C-H), 1010 (P-C), and 555 (Au-P) cm™'. N.m.r. (CD,Cl,):
3'p-{'H}, 5 26.9 (br) p.p.m.; ''B-{"H} and 'H-{!!B} chemical
shifts are reported and assignments discussed in the Results and
Discussion section.

Crystallographic Studies—Diffraction-quality single crystals
of compounds (1a) and (1b) were grown by solvent diffusion
(CH,Cl,—n-hexane, 1:4) at —30°C, and were studied at 291
and 273 K respectively on an Enraf-Nonius CAD4 diffracto-
meter using graphite-monochromated Mo-K, X-radiation, A =
0.710 69 A.

Crystal data. (1a), C,;gH,cAuB;,P, M = 598.6, mono-
clinic, a = 11.658 3(20), b = 22.663(6), c = 11.418(3) A, B =
118.061(16)°, U = 2 662 A3, by the least-squares refinement of
25 centred reflections, 12 < 6 < 14°, space group P2,/a, Z = 4,
D, = 1493 gcm™3, y(Mo-K,) = 55.8 cm™!, F(000) = 1 192.

(1b), C,,H;,AuB,,P-CH,Cl,, M = 707.5, monoclinic, a =
10.370(3), b = 20.100(4), ¢ = 15.283(4) A, B = 106.782(23)°,
U = 3050 A®, derived as above, 13 < 8 < 15° space group
P2,/c, Z=4, D, = 1541 g cm>3, y(Mo-K,) = 50.6 cm™,
F(000) = 1 348.

Data collection and processing. (1a). ©—26 Scans in 96
steps with @ scan-width 0.8 + 0.35tan6. Variable scan speeds
between 1.27 and 5.49° min~. 2 473 Unique data were measured
(1<6<20° +h +k +land +h +k -1 yielding 1821
with F > 5.00(F). No measurable crystal decay or detectable
movement.

(1b). As above except scan speeds between 1.03 and 2.35°
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min~*; 3976 data (8,,,, 22°) of which 3072 had F > 2.00(F),
crystal decayed by ca. 4% during experiment and correction
applied.

Structure solution and refinement. (1a). Patterson synthesis for
Au atom, and iterative full-matrix least-squares refinement and
AF syntheses for P, B, and C atoms. Empirical absorption
correction?” applied after isotropic convergence. Ultimately
Au, P, and B atoms allowed anisotropic thermal motion.
Cyclohexyl hydrogen atoms set in idealised positions (C-H
1.08 A) with an overall isotropic thermal parameter [0.044(7)
A? at convergence]. Weighting scheme w™! = [¢*(F) +
0.000 117(F)?],R = 0.0426, R’ = 0.0492, S = 1.190. Data: vari-
ables, 10: 1. Maximum and minimum electron-density residues
0.707 and —0.550 ¢ A-3. Scattering factors for Au from ref. 38,
those for P, B, C, and H being inlaid in SHELX 76.3° Computer
programs CADABS,*® SHELX 76, DIFABS, CALC,*' and
ORTEP I1.#? Co-ordinates of refined atoms are given in Table
1.

(1b). Gold atom located by automatic direct methods*3 and
P, B, C, and Cl atoms by subsequent iterative full-matrix least-
squares refinement and AF syntheses. Empirical absorption
correction applied after isotropic convergence. Ultimately Au,
P, B, C, and Cl atoms allowed anisotropic thermal motion.
Phenyl rings were constrained as rigid planar hexagons with
fixed bond length (C—C 1.395 A). Hydrogen atoms of the phenyl
rings were set in idealised positions (C-H 1.08 A) and refined
with one overall thermal parameter, 0.062(10) A2 at conver-
gence. Hydrogen atoms of the methyl groups and of the B,
cage could not be either satisfactorily located or modelled and
remain absent. The dichloromethane solvate molecule involves
one chlorine atom [Cl(2)] disordered over two positions (a
and b) with occupancy factors of 0.430(13) and 0.570 at conver-
gence. Weighting scheme w! = [¢2(F) + 0.000 773(F)?*], R =
0.0519, R" = 0.0676, S = 1.191. Data:variables = 10:1, with

Table 1. Fractional co-ordinates of refined atoms in compound (1a)

Atom x y z

Au 0.192 61(6) 0.229 78(3) 0.422 62(6)
P 0.184 4(4) 0.138 77(18) 0.3279(4)
C(11) 0.2439(13) 0.081 1(7) 0.457 9(13)
C(12) 0.163 2(15) 0.082 9(7) 0.532 5(15)
C(13) 0.225 0(15) 0.038 7(8) 0.649 5(15)
C(14) 0.365 1(14) 0.050 2(8) 0.741 5(15)
C(15) 0.444 4(15) 0.048 3(7) 0.664 7(14)
C(16) 0.391 0(13) 0.089 6(7) 0.5512(13)
C(21) 0.023 6(13) 0.118 9(6) 0.198 2(13)
C(22) —0.087 8(13) 0.1500(7) 0.2213(14)
C(23) —0.2217(14) 0.139 6(7) 0.102 5(15)
C(24) —0.246 7(16) 0.075 3(8) 0.080 6(16)
C(25) —0.1452(14) 0.042 3(7) 0.067 7(15)
C(26) —0.006 0(14) 0.051 3(7) 0.1819(14)
C(31) 0.291 7(13) 0.138 6(6) 0.249 6(13)
C(32) 0259 6(13) 0.189 1(7) 0.1557(14)
C(33) 0.361 5(14) 0.192 9(7) 0.101 0(14)
C(34) 0.372 4(16) 0.1339(7) 0.041 9(15)
C(35) 0.400 4(15) 0.084 3(7) 0.138 6(15)
C(36) 0.298 9(14) 0.079 9(7) 0.189 9(15)
B(2) 0.209 8(17) 0.375 4(8) 0.557 6(18)
B(5) 0.1550(18) 0.300 7(8) 0.536 1(17)
B(1) 0.2254(17) 0.3332(8) 0.701 8(17)
B(3) 0.3599(22) 0.378 6(10) 0.717 2(23)
B(10) 0.280 6(21) 0.260 3(11) 0.709 3(19)
B4) 0.391 2(19) 0.313 8(12) 0.812 6(21)
B(7) 0.363 5(20) 0.371 3(10) 0.564 2(22)
B(6) 0.237 7(20) 0.330 1(9) 0.450 0(21)
B(9) 0.462 3(20) 0.264 4(14) 0.751 2(22)
B(8) 0.486(3) 0.3350(11) 0.741(3)
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Table 2. Fractional co-ordinates of refined atoms in compound (1b)

Atom x y z

Au 0.541 24(4) 0.552 46(2) 0.211 55(3)
P 0.736 3(3) 0.529 03(13) 0.326 00(18)
C(16) 0952 1(5) 0.4459(3) 0.336 2(5)
C(195) 1.0157 0.3853 0.3322
C(14) 0.9397 0.3272 0.3104
C(13) 0.8000 0.3296 0.2926
C(12) 0.7364 0.3903 0.2965
C(11) 0.8124 0.4484 0.3184
C(121) 0.583 9(12) 0.387 8(6) 0.281 4(9)
C(26) 0.747 1(7) 0.474 5(3) 0.494 2(5)
C(25) 0.7217 0.4721 0.5788
C(24) 0.6543 0.5246 0.6062
C(23) 0.6130 0.5795 0.5491
C(22) 0.6390 0.5818 0.4646
C(21) 0.7064 0.5294 0.4371
C(221) 0.590 1(13) 0.644 8(6) 0.406 5(9)
C(36) 0.928 3(7) 0.621 7(4) 0.414 3(4)
C(35) 1.0321 0.6673 04210
C(34) 1.0777 0.6801 0.3452
C(33) 1.0194 0.6474 0.2628
C(32) 0.9156 0.6018 0.2561
C(31) 0.8701 0.5889 0.3319
C(321) 0.855 5(15) 0.565 9(6) 0.162 8(8)
B(1) 0.258 8(15) 0.668 2(8) 0.086 7(10)
B(2) 0.240 4(15) 0.588 5(8) 0.032 7(10)
B(3) 0.267 9(15) 0.659 6(8) -0.027 7(10)
B(4) 0.362 0(16) 0.724 4(8) 0.042 3(10)
B(5) 0.3352(14) 0.596 0(8) 0.146 9(10)
B(6) 0.378 5(15) 0.541 2(7) 0.071 3(11)
B(7) 0.350 8(14) 0.582 1(8) —0.032 5(10)
B(8) 0.433 6(16) 0.676 9(8) —0.030 5(11)
B(9) 0.531 1(16) 0.702 3(8) 0.080 3(12)
B(10) 0.4257(16) 0.685 4(8) 0.1554(11)
C(sol) 0.128 3(23) 0.336 9(12) 0.116 3(19)
CI(1) 0.245 5(7) 0.297 5(5) 0.211 8(5)
Cl(2a) 0.192 2(21) 0.407 0(14) 0.133 6(16)
Cl(2b) 0.164 7(10) 0.302 7(5) 0.014 8(7)

maximum and minimum electron-density residues of 2.817 and
—1.487 e A~? respectively. Co-ordinates of refined atoms are
given in Table 2.

Results and Discussion

Syntheses and Mechanism.—Dropwise addition of a solution
of [AuMe(PR,)] to B, ,H,, affords the air-stable colourless or
pale yellow Class 2 crystalline compounds [5,6-p-(AuPRj,)-
nido-B,;oH,,] (1a, R = cyclo-C;H,,; 1b, R = C¢H,Me-2) in
reasonable yields. If the reaction is performed as above (1a) or
(1b) is the only isolable product. If, however, B, H,, is added
dropwise to 1 equivalent of [AuMe{P(C¢H,,);}] at least two
other species may be isolated,** although (1a) is still the major
product. As the following crystallographic and spectroscopic
studies show, compounds (1) are the first proven examples® of
the [B,oH,3] ™ unit acting as an n?-ligand to a metal centre,
although in [{Cd(B,,H,,)(OEt,),},]*° the cage functions as a
bis n2-ligand.

Alternatively, (1a) may be synthesised directly from [AuCl-
{P(C¢H,,);}] by its reaction with [NEt,H][B,,H,,]. In this
preparation other species are also produced even if the chloride
is added slowly to 1 equivalent of the ion. Amongst these
additional products [NEt;H]Cl has been identified. Similar
reactions using [AuCIl(PPh,)] and [AuCI(PEt,)] did not afford
analogues of (1) in detectable amounts, but instead produced
orange-yellow compounds which are currently being studied.*4

The isolation of compounds (1a) and (1b) from B, H,, and
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Scheme. Possible routes to compounds (1) from B,,H,, and [AuMe-
(PR3)] via (a) a terminal gold hydride intermediate, and (b) a bridging
gold hydride intermediate

[AuMe(PR,)] appears to depend upon the large Tolman cone
angles *® of the phosphines [P(C¢H, )5, 170°; P(C H Me-2),,
194°]. We have shown?3° that analogous reactions using
[AuMe(PPh,)] or [AuMe(PEt,)] (phosphine cone angles 145
and 132° respectively) afford the unique ‘triple clusters’
[(B,cH;2Au)(AuPR,),(AuB,,H,,)] as the only isolable
gold-boron species, although it is probable that these arise via
the initial formation of compounds analogous to (1a) and (1b).
We are actively pursuing alternative routes to these analogues
that do not allow their further reaction.

When [AuMe(PR;)] (R = C¢H,, or C¢H,Me-2) is added to
B,oH,4 a bright yellow solution is first formed, suggesting initial
oxidation of the gold atom. As this solution then decolourises,
gas evolution is noted. To obtain further information on the
possible mechanism(s) by which (1a) and (1b) are produced we
have followed the reaction between [AuMe{P(C4H,,),}] and
B,(H,, in CD,Cl, by variable-temperature 'H and *'P-{'H}
n.m.r. spectroscopy, and between [AuMe{P(C4H,Me-2),}]
and B,,H,, in CD,Cl, by variable-temperature 'H, 'H-{''B},
and ''B n.m.r. spectroscopy. In no case could any signals assign-
able to species other than the appropriate precursors or product
be observed.

We cannot, therefore, authoritatively comment on the precise
mechanistic details of the formation of compounds (1) from
the methyl(phosphine)gold compounds at this stage. The bench
observations are consistent with initial oxidative addition
followed by reductive elimination, the simplest equation for the
reactions suggesting elimination of methane. Two possible re-
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Figure 1. Perspective views of (@) compound (1a) and () (1b). Non-hydrogen atoms represented by 30%, probability ellipsoids, and H atoms given an

artificial radius of 0.1 A

action mechanisms are outlined in the Scheme. One possibility,
(a) involves insertion of [AuMe(PR,)] into the B(5)-H-B(6)
bond of B, H,, to afford the transient species [5,6-p-(H)Au™-
(Me)(PR;)-B,oH,3]. This compound would be unique in
having a terminal Au-H function. Irreversible intramolecular
reductive elimination of MeH would then give (1a) or (1b) as
appropriate. Presumably the H and Me ligands of the inter-
mediate would be mutually cis, i.e. H or Me trans to B-B. It
should be noted that the oxidative insertion of a {Pt°(PEt,),}
fragment into B-H-B bonds of 2,3-C,B,Hj;, 2,3-Me,-2,3-
C,B,H,, and 2-CBH, produces species in which the terminal
hydride ligand is trans to the metal-bonded B-B edge.*” An
alternative intermediate species, route (b), might involve the
Au'™ atom as a vertex in an expanded polyhedron and have an
Au-H-B bridge. The precise cage geometry of such an
intermediate would depend upon the skeletal electron
contribution of the metal vertex, and by analogy with recent
studies** we suggest an arachno 11-vertex architecture for this
species, The intermediate would afford (1) by eliminating
methane and undergoing vertex-to-bridge slipping of the metal
fragment in a manner essentially the reverse of that which we
have suggested could occur in the formation of bis(cage)gold
products.** The attraction of this second route is that although
gold-hydride species are still rare, all proven examples to date
have involved heteronuclear Au-H-X fragments.48:4°

The proposed oxidative-addition step in the reaction between
[AuMe(PR,)] and B, Hy, outlined in the above mechanisms
may be contrasted with the report? that B,H, reduces
[AuCl(PPh;)] to [Auss(PPh,),,Cl4] in benzene solution.

Structural Studies—Figure 1(a) and (b) present common
views of compounds (1a) and (1b) respectively, and Tables 3 and
4 list the derived internuclear distance and interbond angle
information for each. Both species crystallise as monomers
separated by nothing more than normal van der Waals con-
tacts. In the crystal of (1b) there is additionally a (partially
disordered) molecule of CH,Cl,, but this makes no close
approach either to (1b) or to other solvate molecules.

Compounds (1) have decaborane-like cage structures in
which the u-AuPRj; unit simply replaces the 5,6-pu-H atom of
B, H,4 The effect of this isolobal replacement on the geometry
of the borane cage appears to be minimal. With Edinburgh soft-
ware *! we can quantify the extent to which two similar groups
of atoms, located crystallographically, may be best fitted to each
other. The refined root mean square (r.m.s.) misfit of the B,
cage of (1a) to that determined, very accurately,* for B, H,,
(average of two crystallographically independent molecules) is
only 0.080 A. For (1b) the value is 0.049 A. Equally, the
optimised r.m.s. misfit between the B, cages of (1a) and (1b) is
0.067 A, and only 0.068 A if Au and P atoms are also included.

Although the overall fit of the B,, polyhedra of compounds
(1) with that of B, H, , is very good, a comparison of individual
molecular parameters reveals some subtle differences. Thus, we
note that the Au atoms of (1a) and (1b) bridge the B(5)-B(6)
connectivity more asymmetrically than do the p-H atoms of
B;oH 4, although the direction of the asymmetry is the same
[away from the low-connected atom, B(6)]. In (1) the average
B(6)-Au bond length is 2.323 A, whilst the average for B(5}-Au
is 2.245 A [in B,,H,, average bond lengths are B(6,9)-(u-H)
1.3485 and B(5,7,8,10)-(u-H) 1.3250 A7]. This increased asym-
metry is accompanied by unequal P-Au-B angles in (1a), the
wider being to B(5) [this feature is not apparent in (1b)], and
longer H-bridged B-B distances between B(9) and B(10) than
between B(6)-B(7) or B(8)-B(9). Individually these features
may be of little statistical significance, but taken together they
are not inconsistent with some sort of weak interaction between
the Au atom annd the B(9)-H-B(10) bridge system. Unfortun-
ately the relative inaccuracies of the present structural studies
of (1a) and (1b) preclude a more detailed discussion at this
time. However, we plan to address this potentially interesting
problem by a combined theoretical and highly accurate
crystallographic study in the near future.

N.M.R. Studies on (1b)—The !''B-{'H} spectrum of
(1b) (Figure 2) comprises eight signals with relative areas
1:1:1:1:1:3:1:1, and the !B spectrum (Figure 3) confirms
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Table 3. Internuclear distances (A) and interbond angles (°) in compound (1a)

Au-P 2.310(4) C(1)-C(22) 1.606(22) C(35)-C(36) 1.550(23) B(1)-B4) 1.80(3)
Au-B(5) 2.233(20) C(21)-C(26) 1.562(22) B(2)-B(5) 1.79(3) B(3)-B4) 1.76(3)
Au-B(6) 2.321(22) C(22)-C(23) 1.530(23) B(2)-B(1) 1.84(3) B(3)-B(7) 1.77(3)
P-C(11) 1.850(16) C(23)-C(24) 1.485(24) B(2)-B(3) 1.84(3) B(3)>-B(8) 1.65(4)
P-C(21) 1.816(15) C(24)-C(25) 1.463(25) B(2)-B(7) 1.76(3) B(10)~B(4) 1.76(3)
P-C(31) 1.848(15) C(25)-C(26) 1.544(23) B(2)-B(6) 1.75(3) B(10)-B(9) 1.94(4)
C(11)-C(12) 1.539(22) C(31)-C(32) 1.490(21) B(5)-B(1) 1.83(3) B(4)>-B(9) 1.72(4)
C(11)-C(16) 1.547(21) C(31)-C(36) 1.515(22) B(5)-B(6) 1.80(3) B(4)-B(8) 1.73(4)
C(12)-C(13) 1.550(24) C(32)-C(33) 1.583(23) B(5)-B(10) 2.04(3) B(7)-B(6) 1.71(3)
C(13)-C(14) 1.492(24) C(33)-C(34) 1.529(23) B(1)-B(3) 1.81(3) B(7)-B(8) 2.02(4)
C(14)-C(15) 1.546(23) C(34)-C(35) 1.500(24) B(1)-B(10) 1.76(3) B(9)-B(8) 1.64(4)
C(15)-C(16) 1.478(22)
P-Au-B(5) 159.7(5) C(22)-C(21)-C(26) 107.4(12) Au-B(5)-B(10) 89.6(10) B(1)-B(4)-B(3) 61.3(13)
P-Au-B(6) 153.4(6) C(21)-C(22)-C(23)  110.7(12) B(1)-B(5)-B(10) 53.8(10) B(1)-B(4)-B(10) 59.3(13)
B(5)-Au-B(6) 46.4(7) C(22)-C(23)-C(24)  109.7(14) B(2)-B(5)-B(1) 61.2(11) B(3)-B(4)-B(8) 57.8(15)
Au-P-C(11) 109.7(5) C(23)~-C(24)-C(25) 114.5(15) B(2)-B(5)-B(6) 58.3(11) B(10)-B(4)-B(9) 67.8(15)
Au-P-C(21) 113.8(5) C(24)-C(25)-C(26) 115.2(14) B(10)-B(5)-B(6)  111.8(14) B(9)-B(4)-B(8) 56.6(15)
Au-P-C(31) 109.9(5) C(21)-C(26)-C(25) 108.3(13) B(2)-B(1)-B(5) 58.3(10) B(2)-B(7)-B(3) 62.8(13)
C(11)-P-C(21) 109.4(7) P-C(31)-C(32) 110.4(10) B(2)-B(1)-B(3) 60.5(12) B(2)-B(7)-B(6) 60.4(13)
C(11)-P-C(31) 107.7(7) P-C(31)~C(36) 114.4(11) B(5)-B(1)-B(10) 69.4(12) B(3)-B(7)-B(8) 52.5(13)
C(21)-P-C(31) 106.2(7) C(32)-C(31)-C(36)  113.5(13) B(3)-B(1)-B(4) 58.4(13) B(6)-B(7)-B(8) 119.3(17)
P-C(11)-C(12) 109.2(10) C(31)-C(32)-C(33)  110.2(13) B(10)-B(1)-B(4) 59.2(13) Au-B(6)-B(5) 64.2(9)
P-C(11)-C(16) 109.9(10) C(32)-C(33)-C(34) 111.1(13) B(2)-B(3)-B(1) 60.4(12) Au-B(6)-B(7) 134.2(14)
C(12)-C(11)-C(16)  112.5(12) C(33)-C(34)-C(35)  111.4(14) B(2)-B(3)-B(7) 58.2(12) B(2)-B(6)-B(5) 60.5(12)
C(11)-C(12)-C(13)  107.6(13) C(34)-C(35-C(36)  112.7(14) B(1)-B(3)-B(4) 60.3(13) B(2)-B(6)-B(7) 61.2(13)
C(12)-C(13)-C(14)  113.9(14) C(31)-C(36)-C(35)  109.1(13) B(4)-B(3)-B(8) 60.2(15) B(5)-B(6)-B(7)  105.9(15)
C(13)-C(14)-C(15)  110.1(14) B(5)-B(2)-B(1) 60.5(11) B(7)-B(3)-B(8) 71.2(16) B(10)-B(9)-B(4) 56.9(14)
C(14)-C(15)-C(16)  111.2(13) B(5)-B(2)-B(6) 61.2(12) B(1)-B(10)-B(5) 56.9(11) B(4)-B(9)-B(8) 62.0(16)
C(11)-C(16)-C(15)  113.5(13) B(1)>-B(2)-B(3) 59.1(11) B(1)-B(10)-B(4) 61.5(13) B(8)-B(9)-B(10)  103.5(19)
P-C(21)-C(22) 111.2(10) B(3)-B(2)-B(7) 59.0(12) B(4)-B(10)-B(9) 55.3(13) B(3)-B(8)-B(4) 62.0(15)
P-C(21)-C(26) 115.2(10) B(7)-B(2)-B(6) 58.4(12) B(9)-B(10)-B(5) 114.8(16) B(4)-B(8)-B(9) 61.5(16)
Au-B(5)-B(6) 69.4(10) B(7)-B(8)-B(9) 114.0(19)
Table 4. Internuciear distances (A) and interbond angles (°) in compound (1b)
Au-P 2.308(3) B(3)-B(4) 1.765(23) B(1)-B(2) 1.786(22) B(2)-B(7) 1.726(22)
Au-B(5) 2.256(15) B(4)-B(8) 1.783(23) B(1~B(3) 1.788(22) B(3)-B(7) 1.790(22)
Au-B(6) 2.325(16) B(4)-B(10) 1.838(23) B(1)-B4) 1.818(22) B(3)-B(8) 1.765(23)
P-C(11) 1.822(7) B(5)-B(10) 2.013(22) B(1)-B(5) 1.776(22) B(4)-B(9) 1.738(23)
P-C(21) 1.812(7) B(3)-B(9) 1.779(24) B(1)}-B(10) 1.779(23) B(5}-B(6) 1.745(22)
P-C(31) 1.819(7) B(6)-B(7) 1.735(22) B(2)-B(3) 1.767(22) B(7)-B(8) 2.086(23)
C(12)-C(121) 1.532(14) C(so)-Ci(2a) 1.55(4) B(2)-B(5) 1.745(21) B(9)-B(10) 1.830(23)
C(22)-C(221) 1.545(14) C(soh)-Cl(2b) 1.83(3) B(2)-B(6) 1.677(22) C(sol)-Cl(1) 1.79(3)
C(32)-C(321) 1.559(15)
P-Au-B(5) 157.3(4) C(23)-C(22)-C(221)  116.2(7) B(1)-B(3)-B(@)  61.1(9) B(2)-B(6)-B(7) 60.7(9)
P-Au-B(6) 157.3(4) C(33)-C(32)-C(321) 117.9(T) B(2)-B(3)-B(7) 58.0(9) B(2)-B(7)-B(3) 60.3(9)
Au-P-C(11) 115.73(24) C(31)-C(32)-C(321) 122.1(7) B(4)-B(3)-B(8) 60.3(9) B(2)-B(7)-B(6) 58.0(9)
Au-P-C(21) 111.09(24) B(5)-Au-B(6) 44.8(5) B(7)-B(3)-B(8) 71.8(9) B(3)-B(7)-B(8) 53.53(79)
Au-P-C(31) 113.03(25) B(2)-B(1)~B(3) 59.3(9) B(1)-B(4)-B(3) 59.5(9) B(3)-B(8)-B(4) 60.5(9)
P-C(11)}-C(16) 117.6(5) B(2)-B(1)-B(5) 58.6(9) B(3)-B(4)-B(8) 59.3(9) B(3)-B(8)-B(7) 54.64(81)
P-C(11)-C(12) 122.3(5) B(3)-B(1)-B(4) 59.4(9) B(8)-B(4)-B(9) 60.7(9) B(4)-B(8)-B(9) 58.4(9)
P-C(21)-C(22) 121.4(5) B(4)-B(1)-B(10) 61.4(9) B(1)-B(4)-B(10)  58.2(9) B(4)-B(9)-B(8) 60.9(9)
P-C(21)-C(26) 118.6(5) B(5)-B(1)-B(10) 69.0(9) B(9)-B(4)-B(10)  61.5(9) B(4)-B(9)-B(10) 62.009)
P-C(31)-C(32) 121.2(5) B(1)-B(2)-B(3) 60.4(9) Au-B(5)-B(6) 69.7(7) B(5)-B(10)~B(1) 55.45(81)
P-C(31)-C(36) 118.8(5) B(1)-B(2)-B(5) 60.4(9) B(1)-B(5)-B(2) 61.0(9) B(1)-B(10)-B(4) 60.3(9)
C(11)-P-C(31) 104.7(3) B(3)-B(2)-B(7) 61.7(9) B(2)-B(5)-B(6) 57.5(9) B(4)-B(10)-B(9) 56.6(9)
C(21)-P-C(31) 106.6(3) B(5)-B(2)-B(6) 61.3(9) B(1)-B(5)-B(10)  55.58(81) B(6)-B(7)-B(8) 117.4(11)
C(11)-P-C(21) 105.0(3) B(6)-B(2)-B(7) 61.3(9) Au-B(5)-B(10) 87.33(72) B(7)-B(8)-B(9) 113.2(11)
C(11)-C(12)-C(121)  123.4(7) B(1)-B(3)-B(2) 60.3(9) Au-B(6)-B(5) 65.5(7) B(8)-B(9)-B(10) 105.4(11)
C(13)-C(12)-C(121) 116.5(7) B(5)-B(10)-B(9) 118.5(11) Au-B(6)-B(7) 132.9(10) Cl(1)~C(sol)-Cl(2a)  96.2(16)
C(21)»-C(22)-C(221) 123.8(7) B(2)-B(6)-B(5) 61.3(9) CI(1)-C(sol)-Cl(2b) 105.5(14)

that each boron carries one terminal proton (all signals being
doublets). A series of 'H spectra with selective !'B decoupling
additionally showed which B resonances do not display
coupling to bridge protons, namely those signals at 3(*'B) 8.34,
2.15, —30.7, and —35.8 p.p.m. Clearly, given the established

decaborane-like structure of (1b) the only boron atoms with no
direct connection to p-H atoms are B(1), B(2), B(3), B(4), and
B(5). Using the decaborane analogy further, it is reasonable to
assume, on chemical shift grounds, that the two low-frequency
signals in the boron spectrum derive from B(2) and B(4).
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Table 5. Proposed boron assignments for compound (1b)

Assignment 3(11B)° 3(*H)*

6 15.13 527 (—=3.3)

9 9.41 318 (—0.1, —2.8, —3.3)

3 8.34 3.66

1 2.15 3.10

7 1.40 3.67 (—0.1, —2.8, —3.3)

8,10 —1.00¢ 2.64, 2.85 (—0.1, ~2.8, —3.3)

5 —1.00¢ 2.85(—0.1, —2.8, —3.3)

2 —30.73 045

4 —35.85 0.51

“ Relative to BF;-OEt, (external). ® Relative to SiMe, from selective
'H-{*!B} experiments. Chemical shifts of bridge protons enhanced by
irradiation at !'B frequencies shown in parentheses. < High- and low-
frequency components of asymmetric singlet.

(b)
{a)
L3
X
N
i L 1 1 J i
10 0 -10 -20 -30
5/ppm

Figure 2. (¢) "'B-{'H} and (b) ''B n.m.r. spectra of compound (1b)
obtained as a saturated solution in CD,Cl, at 298 K. Peaks marked
with a cross are due to a minor, unidentified impurity

Equally, on the basis of chemical shift together with the fact that
it couples to only one bridging proton, the high-frequency signal
at 8(''B) 15.13 p.p.m. may be ascribed to B(6).

In order to derive more positive assignments for the !B (and
hence the 'H) signals, the ''B(COSY) spectrum of (1b) was
obtained (Figure 4). To summarise, the signal at 3(*!B) 15.13
p.p.m. displays coupling to those at 1.40 and — 30.7 p.p.m. If our
earlier assumptions are correct, then the signal at —30.7 p.p.m.
is due to B(2), and by elimination that at —35.8 p.p.m. must
arise from B(4). The signal at 8(*'B) 1.40 p.p.m., which shows
coupling to that of B(6), also couples to that of B(2).
Furthermore, it also shows bridge-H coupling, so it is probably
due to B(7). This signal is also coupled to that at 8.34 p.p.m., and
since the latter does not display coupling to a bridge proton, it
must arise from B(3). The boron atom which resonates at 6 2.15
p.p.m. also has no p-H attached, and since its signal couples to
that of B(2) it must be due to B(1).

This leaves four boron atoms, §, 8, 9, and 10, unaccounted for.
Again, chemical shift arguments would suggest that B(9) gives
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Figure 3, Traces (a)—(/) represent 'H-{"'B(selective)} n.m.r. results for
compound (1b) presented as difference spectra by subtraction of an
off-resonance decoupled spectrum from each of the *H-{**B(selective)}
spectra. v(!!B) correspond to 8(''B) values of (a) 15.13, (b) 9.41, (¢)
8.34, (d) 2.15, (e) 1.40, (/) —1.00 (high v component), (g) —1.00
(low v component), (k) —30.73, and (i) —35.85. Trace () represents a
'H-{!'B(broad band)} n.m.r. result, again presented as a difference
spectrum

rise to the signal at &(!!B) 9.41, leaving the remaining three
borons at — 1.0 p.p.m. Even here some degree of resolution is
possible, since close inspection of the COSY plot shows that the
signal from B(4) has coupling to the higher-frequency com-
ponent of the peak at — 1.0 p.p.m. whilst the signal from B(2)
couples to the lower-frequency part. This means that B(8) and
B(10) resonate at slightly higher frequency than B(5). Unfortun-
ately the coincidence between the former pair could not be
resolved, although it may be noted that the selective 'H-{*'B}
spectra show that the protons terminal to B(8) and B(10)
resonate at slightly different frequencies, specifically 2.85 and
2.64 p.p.m. Table 5 summarises the proposed boron assign-
ments.
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Figure 4. 1'B(COSY) plot for compound (1b) acquired overnight as a saturated solution in CD,Cl,, and transformed using a sine-bell squared
function applied in both dimensions. The boron 90° pulse was 19 ps, and broad-band proton decoupling was applied throughout
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