CHEMISTRY

A EUROPEAN JOURNAL

FULL PAPER

DOI: 10.1002/chem.201201558

Conversions of Osmabenzyne and Isoosmabenzene
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Abstract: We report herein the first example of the conversion of metallabenzyne
II and isometallabenzene III. The osmium hydride vinylidene complex 1 reacts

with HC=CCH(OE), to give osmabenzyne 3 via isoosmabenzene 2. Compound 3
exhibits high thermal stability in air. Nonetheless, nucleophilic attack at 3 provides
isoosmabenzenes 4a and 4b, or opens the ring to produce 5a and 5b. We propose
mechanisms to disclose the intrinsic connection between the six-membered metal-
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lacycles, and carry out DFT calculations to rationalize the regioselectivity of the

nucleophilic addition reactions.

Introduction

Metalla-aromatics!!! are derived from the replacement of a
(hydro)carbon unit in aromatic hydrocarbons with a metal
fragment. Considerable effort has been devoted to the study
of metallabenzenes I, and these metal-containing analogues
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of benzene (I') have been found to be isolable, stable, and
aromatic.?! Synthetic methods and the reactivity of metalla-
benzenes have now been established,?™ including some re-
actions that directly relate to classic benzene chemistry./*®
The isolation of stable metallabenzynes IT” and isometal-
labenzenes IM!' challenged the usual notions of highly
strained rings. In comparison, benzyne (II')'""'? and isoben-
zene (III')!" are too reactive and short-lived to be isolated.
Among the reactions of metallabenzynes,**" the intercon-
version of metallabenzyne and metallabenzene is particular-
ly interesting®®!'¥! because it resembles the mutual transfor-
mation of benzyne and benzene. On the other hand, isomet-
allabenzenes remain rare,'” thus restricting the in-depth
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studies of their chemistry. Herein, we show for the first time
that isometallabenzene can transform into metallabenzyne,
and metallabenzyne can undergo nucleophilic addition reac-
tions to “restore” isometallabenzenes, or to go further and
open the metallacycle.

Results and Discussion

Conversion of isoosmabenzene to osmabenzyne: Treatment
of the osmium hydride vinylidene 1 with HCCCH(OEt), in
chloroform produced osmabenzyne 3 through a formal
[3+3] cycloaddition reaction!* via the key intermediate iso-
osmabenzene 2 (Scheme 1). The reaction took 8 h to com-
plete at room temperature (RT; Scheme 1, reaction condi-
tions i), or 2 h if heated at reflux.

The structure of osmabenzyne 3 in the solid state has
been verified by X-ray diffraction. As shown in Figure 1, the
six-membered metallacycle in 3 is essentially planar. The
maximum deviation from the least-squares plane through
Os1 and C1-C5 is 0.028 A for C5. The Os1-C1-C2 angle is
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Scheme 1. Preparation of osmabenzyne 3 via isoosmabenzene 2.
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Figure 1. Molecular structure of the cation of osmabenzyne 3 (ellipsoids
shown at the 50% probability level). The hydrogen atoms of PPh; are
omitted for clarity. Selected bond lengths [A] and angles [°]: Os1—C1:
1.775(6), Os1—C5: 2.011(7), C1—C2: 1.390(9), C2—C3: 1.403(9), C3—C4:
1.381(9), C4—C5: 1.389(9), C1-Os1-C5: 80.7(3), Os1-C1-C2: 148.6(5), C1-
C2-C3: 113.1(6), C2-C3-C4: 123.5(6), C3-C4-C5: 123.7(6), C4-C5-Osl:
130.2(5).

148.6(5)°, the Os1=C1 bond length is 1.775(6) A and the
Os1—C5 bond length is 2.011(7) A. The C—C bond lengths
in the metallacycle in 3 (1.381(9)-1.403(9) A) suggest a delo-
calized nature. All of these structural features are compara-
ble to the osmabenzynes produced by Jia’s group.*>™

Osmabenzyne 3 and the intermediate isoosmabenzene 2
were characterized by NMR spectroscopy. The ring number-
ing system for osmabenzyne and isoosmabenzene is shown
in Scheme 1. In the '"H and *C NMR spectrum, compound 3
exhibits characteristic chemical shifts of an osmabenzyne.
HS has a characteristically low-field resonance at 13.9 ppm,
and the metal-bound carbon atoms C1 and C5 show typical
downfield signals at 287.9 and 246.7 ppm. The P NMR
spectrum of 3 consists of two singlets: 14.7 ppm for CPPh;
and —4.4 ppm for OsPPh;. The NMR spectra of 2 resemble
those of previous isoosmabenzenes."” In the '"H NMR spec-
trum, two vinyl protons resonate at 8.1 (HS) and 5.0 ppm
(H4) with a coupling constant of 9.0 Hz, thus indicating a cis
geometry. The H3 proton, attached to the saturated carbon
atom C3, was found at 1.7 ppm. In the *'P NMR spectrum of
2, CPPh; resonates at 4.4 ppm as a singlet, and two OsPPh;
signals appear as a characteristic AB quadruplet at —4.4 and
—7.1 ppm (3Jpp=350.3 Hz), due to the presence of a chiral
center at C3.%! The molecular formulae of 2 and 3 have
been confirmed by high-resolution mass spectrometry
(HRMS: m/z caled for CqHs;OP;ClOs (2): 1121.2613
[M—CI]*; found: 1121.2609; m/z caled for CsH,P5Cl,Os
(3): 1111.1961 [M]*; found: 1111.1956).

The formation of osmabenzyne 3 via isoosmabenzene 2
was monitored by in situ NMR spectroscopy at RT. As
shown in Figure 2, isoosmabenzene 2 was formed preferen-
tially in the beginning, and transformed gradually (at a
slower rate than its formation) into osmabenzyne 3. After
1 h, the starting material 1 had been consumed, and the re-
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Figure 2. Time-evolved *'P NMR spectra of the formation of isometalla-
benzene 2 and its conversion into metallabenzyne 3 at 293 K in CDCl;.

action solution contained a mixture of 2 and 3, with 2 as the
main component. It took another 7 h for 2 to convert com-
pletely into 3.

Based on these observations, we proposed a mechanism
for the formation of 3 from 2 (Scheme 1). The mechanism
for the formation of isoosmabenzene 2 is a formal [3+3] cy-
cloaddition that has been discussed previously.'™ Once 2
has been generated, its ethoxyl group on C3 extracts a
proton (presumably from trace amounts of acids in chloro-
form or from the eliminated ethanol) to form an onium salt
A, which undergoes ethanol elimination to generate 3, a
resonance form of 3.°*%¢

Thus, we reasoned that the addition of an acid would ac-
celerate the conversion from 2 to 3. Indeed, after the reac-
tion had been carried out at RT for 1h, the addition of
1 equivalent of HCI caused a fast color change from green
to deep blue. The transformation was complete within
15 min (Scheme 1, reaction conditions ii). In contrast, the
addition of K,COj; slowed down the conversion, and hence,
facilitated the precipitation of 2 (Scheme 1, reaction condi-
tions iii).

Conversion of osmabenzyne to isoosmabenzene: Osmaben-
zyne 3 is highly stable, even when heated in air at 120°C for
5h in the solid state or at 80°C for 8 h in solution. This un-
usual stability is most likely attributable to the steric hin-
drance and electronic effects induced by the phosphonium
group at C2. The same stabilizing effect in isoosmabenzenes
has been studied by DFT calculations.'® According to theo-
retical studies, other m-accepting groups (silyl or boryl) at
C2 or C4 also stabilize osmabenzynes."! The inertness of 3
is likely for the same reasons. It remains intact in the pres-
ence of acids (HOAc, H;PO,, HBF,, and HCI), bases
(K,CO; and NaOH), terminal alkynes, and nucleophiles
(H,0, MeOH, and NaBH,).

Chem. Eur. J. 2012, 18, 11597 -11603
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Scheme 2. Nucleophilic addition of 3: from metallabenzyne to isometalla-
benzene.

However, strong nucleophiles, such as ethyllithium (EtLi)
or sodium methanethiolate (NaSMe), attack osmabenzyne 3
at C3 to generate isoosmabenzene 4al'®! or 4b (Scheme 2).
The addition of approximately 1 equivalent of EtLi to a sol-
ution of 3 in THF switched the color from deep blue to
brownish red. A red solid was then isolated and identified
as our reported isoosmabenzene 4a.'%! Excess EtLi decom-
posed 4a. The nucleophilic attack by MeS~ gave isoosma-
benzene 4b as the main product, as shown by the presence
of characteristic signals for an isoosmabenzene in the 'H
and *'P NMR spectra generated in situ. Nevertheless, 4b de-
composed completely within 4 h at RT. Attempts to isolate
4b were not successful. It would be interesting if treatment
of osmabenzyne 3 with sodium ethoxide (NaOEt) could
generate isoosmabenzene 2, but upon NaOEt addition, 3 re-
mained intact at RT and decomposed at higher tempera-
tures.

Ring opening of osmabenzyne 3: Compared with the nucle-
ophiles used above, amines react differently with osmaben-
zyne 3. Primary amines (n-butylamine and 2-propargyl-
amine) also attack at C3, but open the metallacycles rather
than giving isoosmabenzenes (Scheme 3). Secondary and
tertiary amines produced complicated mixtures. The struc-
ture of ring-opening product 5a was inferred by 'H, °C, and
3'P NMR spectroscopy, and then confirmed by X-ray diffrac-
tion, with red crystals grown from the counteranion-ex-
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Scheme 3. Nucleophilic addition and ring opening of 3.
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Figure 3. Molecular structure of the cation of 5a’ (ellipsoids shown at the
50% probability level). Some hydrogen atoms are omitted for clarity.

changed complex 5a’ (BPh, instead of CI~; Figure 3). The
other product Sb is less stable than 5a, and can only be de-
tected by in situ NMR spectroscopy.

Possible mechanisms for the nucleophilic addition to os-
mabenzyne 3 are proposed in Schemes 2 and 3. The alterna-
tive resonance structure 3’ again bridges the transformation
from 3 into 4a (or 4b). Carbon or sulfur nucleophiles attack
3" at C3, producing isoosmabenzene 4a or 4b (Scheme 2).
Amines take a similar path yet go further (Scheme 3). In
the beginning, an amine replaces a chloride ligand to coordi-
nate with the osmium center. The dicationic osmabenzyne B
is more electrophilic than cationic osmabenzyne 3. Hence,
primary amines (weaker nucleophiles than FEtLi and
NaSMe) subsequently attack the C3 of B’ (a resonance form
of B) to give isoosmabenzene C. Besides a phosphonium on
C2, C carries a quaternary ammonium on C3, which differs
from 4a or 4b. The neighboring positively charged substitu-
ents in C weaken the C2—C3 bond, presumably due to de-
creased overall electron density and increased repulsive
forces, thus driving the metallacycle to rearrange and open
to give S5a or 5bh.

Note that intermediate A (Scheme 1, structurally similar
to C) tends to eliminate an ethanol molecule instead of
opening the ring, because the cation in A carries only one
positive charge, and ethanol is easier to lose than an amine.
Meanwhile, although the ring opening of six-membered met-
alla-aromatics through M—C (IV, forming a carbene™ or cy-
clopentadienyl*# complex through carbene migratory inser-
tion) and C1—C2 (V, forming a metallacyclopentadiene
through ring contraction®¥) bond cleavages has been re-
ported, the transformation from osmabenzyne 3 to Sa or 5b
represents the first C2—C3 bond cleavage (VI).

DFT calculations were carried out to rationalize the
highly regioselective nucleophilic attack at C3 in osmaben-

1 2 152 12
& iy
5 4 5 4 5 4
v v \Y|

— 11599

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

X.-Y. Cao, H. Xia et al.

A EUROPEAN JOURNAL

zyne 3.°! Dicationic osmabenzyne B* is used as the model
of the cation of B (R=nBu). C* and C* are models of cati-
ons of two possible intermediates (Scheme 4). The natural
population analysis'® on the full model of B* shows differ-

PPh;
AG° = 19.6 kcal/mol e
+ AE = 1.3 kcal/mol [Os] NH
PPh3 =1. cal/mo — ) 2
. /} 2 attack C3 c* nBu
[0s' 3+ nBuNH, +
_ PPh;
5 4
B* AG* =259 kealimol [0s]. )
AE = 10.0 kcal/mol
attack C5 H N,
1
nBu
[0s'] = OsCI(nBuNH,)(PPhs), c#

Scheme 4. Gibbs free energies (AG®) and electronic energies (AE) of the
reaction via two possible intermediates C* and C*.

ent charges on the metallacycle (from C1 to C5: 0.305,
—0.610, —0.088, —0.317, and —0.188). This analysis indicates
that the order of preferential sites for nucleophilic attack is
C1>C3>Cs5, in line with previous studies.”®7 Because C1
in osmabenzyne 3 is surrounded by three bulky PPh; groups,
the resulting steric hindrance would make nucleophilic
attack at C1 difficult. Further examination of the contribu-
tion to the lowest unoccupied molecular orbital (LUMO,
Figure 4) of B* from C1 (92%), C3 (23.3%), and C5

Figure 4. The spatial plot of the LUMO (isovalue=0.04) of dicationic
osmabenzyne B*. All hydrogen atoms are omitted for clarity.

(19.7 %) suggests that the nucleophilic attack at C3 is most
favorable. Furthermore, the Gibbs free energy of C* is
6.3 kcalmol ™" lower than that of C* (Scheme 4). Thus, steric
hindrance and electronic effects contribute synergistically to
the regioselectivity for nucleophilic attack at C3.

Conclusion

We have applied the formal [3+3] cycloaddition reaction to
the preparation of metallabenzynes. The product is unique

www.chemeurj.org
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among metallabenzynes because it is formed via an isome-
tallabenzene precursor, and can undergo regioselective nu-
cleophilic additions to furnish isometallabenzenes. Hence,
we have achieved the first formal interconversion of metal-
labenzyne and isometallabenzene.

Experimental Section

General comments: All manipulations were carried out under an inert at-
mosphere (Ar or N,) by means of standard Schlenk techniques. Solvents
were distilled from sodium/benzophenone (hexane and diethyl ether) or
calcium hydride (dichloromethane, chloroform, and 1,2-dichloroethane)
under N, prior to use. Methanol was used as received. NMR spectroscop-
ic experiments were carried out on a Bruker 500 MHz spectrometer (‘H:
500.2; BC: 125.8; *'P: 202.5 MHz). High-resolution mass spectra (HRMS)
were recorded on a Bruker En Apex Ultra 7.0T FTMS mass spectrome-
ter. Elemental analyses were performed on a Vario EL III elemental ana-
lyzer.

Compound 2: HC=CCH(OEt), (31 pL, 0.21 mmol) and K,CO; (97 mg,
0.70 mmol) were added to a solution of [OsH{=C=CH(PPh;)}Cl,(PPhs),]
(1; 150 mg, 0.14 mmol) in CHCl; (15 mL). The

mixture was stirred at room temperature (RT) PRhs ﬁPhg

for 1h to give a green solution. After removing il /_32 0(63H2C7:H3

excess K,COj by filtration, the filtrate was evapo- c’ =
rated under vacuum. The residue was washed PPhg
with hexane (3x10 mL) and dried under vacuum 2

to give a 3:1 mixture (estimated by 'HNMR

spectroscopy) of 2 and 3 as a light-green solid (129 mg, 60 % for 2). Diag-
nostic peaks for 2 are as follows: "H NMR (500 MHz, CDCl,): 6=8.1 (d,
*Jun=9.0 Hz, 1H; H5), 5.0 (d, *J3=9.0 Hz, 1H; H4), 3.0 (m, 1H; H6),
2.3 (m, 1H; H6), 1.7 (m, 1H; H3), 0.5 ppm (t, *Jyy=7.0 Hz, 3H; H7);
*'P NMR (202 MHz, CDCLy): =4.4 (s; CPPh;), —4.4 (d, Jpp=350.3 Hz;
OsPPh;), —7.1 ppm (d, 2Jpp=350.3 Hz; OsPPh,); HRMS (ESI): m/z caled
for C¢Hs;OP;ClOs: 1121.2613 [M—CI]*; found: 1121.2609.

Compound 3:

Method A: HC=CCH(OEt), (52 puL, 0.35 mmol) was added to a mixture
of [OsH{=C=CH(PPh;)}Cl,(PPh;),] (1; 320 mg, 0.30 mmol) and Et,NCl
(60 mg, 0.36 mmol) in CHCIl; (15 mL). The mixture was stirred at RT for
8 h or under reflux for 2 h to give a blue-green solu-

tion. The solvent was removed under vacuum. The PPh ﬁ’Ph;;CI’

residue was washed with CHCl; (10 mL), Et,O (2x N |// \2
10 mL), and dried under vacuum to give 3 as a blue CI/O|S 7
solid (290 mg, 85%). PPhy !
Method B: HC=CCH(OE), (54 L, 0.37 mmol) was 3

added to a solution of [OsH{=C=CH(PPh;)}Cl,-

(PPhs),] (1; 330 mg, 0.31 mmol) in CHCl; (15 mL). The mixture was stir-
red at RT for 1h to give a green solution. The addition of concentrated
HCI (14 pL, 0.45 mmol) changed the color from green to deep blue.
After stirring for a further 15 min, the solvent was removed under
vacuum. The residue was washed with CHCl; (10 mL), Et,O (2x10 mL),
and dried under vacuum to give 3 as a blue solid (310 mg, 88%).
"H NMR (500 MHz, CD,CL): §=13.9 (d, *Jyy=7.5 Hz, 1H; HS), 7.9-6.9
(m, 46H; PPh,y and H3), 6.6 ppm (t, *J;;y=7.5 Hz, 1H; H4); *'P NMR
(202 MHz, CD,CL): 6=14.7 (s; CPPh;), —44ppm (s; OsPPh;);
BCNMR plus HSQC (126 MHz, CD,Cl,): §=287.9 (m; Cl), 246.7 (br;
C5), 159.0 (d, %Jpc=8.8 Hz; C3), 135.0-127.2 (m; PPh;), 125.0 (d, Jpc=
7.8 Hz; C4), 94.7 ppm (d, 'Jpc=110.7 Hz; C2); HRMS (ESI): m/z calcd
for CsoH,sP;CLOs: 1111.1961 [M]*; found: 1111.1956; elemental analysis
caled (%) for CsoHsP5CLOs: C 61.81, H 4.22; found: C 61.41, H 4.46.

Compound 4a: A solution of 3 (120 mg,

0.10 mmol) in THF (7 mL) was cooled to —10°C. PPh; PPh,
EtLi (0.5M in benzene and cyclohexane, 240 uL, cl| }— 2 CH,CH3
0.12 mmol) was added slowly, and the mixture C|/Os T
was allowed to warm to RT and stirred for anoth- PPhg

er 30 min, giving a brownish-red solution. The sol- 4a

Chem. Eur. J. 2012, 18, 11597 -11603
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vent was removed under vacuum. The residue was washed with Et,0 (3 x
10 mL), and dried under vacuum to give 4a as a red solid (81 mg, 68 %).
'HNMR (500 MHz, CDCLy): 6=8.0 (d, Juy=9.5 Hz, 1H; H5), 7.8-6.8
(m, 45H; PPh;), 4.9 (m, 1H; H4), 3.8 (m, 1H; H3), 0.7 (m, 1H; H6), 0.4
(m, 1H; H6), 0.3ppm (m, 3H; H7); *'P NMR (202 MHz, CDCl,): 6=2.2
(s; CPPhy), —3.0 (d, Jpp=362.5Hz; OsPPh;), —6.9ppm (d, %pp=
362.5 Hz; OsPPh;); HRMS (ESI): m/z calcd for C4Hs3P;ClOs: 1105.2663
[M—CI1]*; found: 1105.2665.

Compound 4b: In an NMR tube, compound 3 (13 mg, 0.01 mmol) and
NaSMe (6.4 mg, 0.09 mmol) were mixed in CD,Cl, (0.4 mL). A brown-

PPhy BPh, red solution was obtained after 30 min at RT. The
CI\-| —< SCH3 NMR spectra were then collected (NMR yield:
c” |Ss_4 H° 80%). 'HNMR (500 MHz, CD,CL): 6=7.8 (t,

PPh; *Jpu=7.5Hz, 1H; H5), 47 (br, 1H; H4), 46 (m,

4b 1H; H3), 1.5 ppm (s, 3H; H6); *'P NMR (202 MHz,

CD,CL,): =4.6 (s; CPPh;), —5.2 (d, %/pp=364.5 Hz;
OsPPh;), —7.6 ppm (d, Jpp=364.5 Hz; OsPPh,).
Compound 5a: nBuNH, (98 pL, 1.1 mmol) was added to a solution of 3
(240 mg, 0.21 mmol) in CH,Cl, (13 mL). The reaction mixture was stirred

PPhs 5 Bph CI
3 9
o O Z

\\\/Hz PP K
5a

at RT for 1 h to give a red solution (NMR yield: 99 %). The solution was
concentrated to approximately 2 mL, and passed through a syringe filter
into a mixed hexane/Et,O solution (40 mL, 3:1 v/v). The precipitate was
collected, washed with Et,0 (3x10 mL) and dried under vacuum to give
5a as a red solid (216 mg, 82%). 'H NMR (500 MHz, CDCl;): 6=13.5
(d, 3Jyn=13.0 Hz, 1H; H3), 9.5 (br, 1H; OsCHCHCHNH), 7.9-6.8 (m,
45H; PPhy), 5.8 (t, Yy =13.0 Hz, 1H; H4), 3.5 (m, 1H; H5), 2.4 (br,
2H; H6), 22 (m, 2H; NH,CH,CH,CH,CH,), 1.9 (m, 2H; H6'), 1.0~
0.3 ppm (m, 14H; H7, H8, H9, H7, H8 and HY); *'P NMR (202 MHz,
CDCly): 0=5.7 (s; CPPh;), —26.8ppm (s; OsPPh;); “CNMR plus
HSQC (126 MHz, CDCl;): d =235.1 (m; C3), 186.3 (s; C1), 160.6 (br; C4
and C5), 135.0-127.2 (m; PPh;), 123.4 (d, Jpc=92.0 Hz; C2), 43.8 (s;
C6), 43.0 (s; C6'), 34.6 (s; C7), 30.1
(s; C7'), 20.1 (s; C8), 19.5 (s; C8),
13.6 (s; C9), 13.5ppm (s; CY); ele-

FULL PAPER

vacuum to give 5a’ as a red solid (309 mg, 92%). '"H NMR (500 MHz,
CDCly): 6=13.6 (d, *Jyyy=12.5 Hz, 1H; H3), 7.8-6.8 (m, 45H; PPh;), 5.8
(m, 2H; H4 and H5), 43 (m, 1H; OsCHCHCHNH), 2.3 (m, 2H; H6),
2.0 (m, 2H; NH,CH,CH,CH,CH;), 1.8 (m, 2H; H6'), 0.8-0.3 ppm (m,
14H; H7, H8, H9, H7', H8' and HY); *'P NMR (202 MHz, CDCL): 6 =
4.9 (s; CPPhy), —26.6 ppm (s; OsPPh;); *C NMR plus HSQC (126 MHz,
CDCl;): 0=240.0 (m; C3), 185.0 (s; C1), 164.1 (m; BPh,), 159.2 (br; 2C,
C4 and C5), 122.6 (d, Jpc=91.8 Hz; C2), 136.2-121.8 (m; PPhy), 43.5 (s;
Co), 43.1 (s; CO'), 34.6 (s; CT7), 29.7 (s; C7'), 19.7 (s; C8), 19.5 (s; C8&),
13.7 (s; C9), 13.5ppm (s; C9); elemental analysis caled (%) for
CyHgeBN,P;ClOs: C 70.97, H 5.82, N 1.82; found: C 71.06, H 5.64, N
1.76.

Compound 5b: In an NMR tube, compound 3 (14 mg, 0.01 mmol) and 2-
propargylamine (4 pL, 0.06 mmol) were mixed in CD,Cl, (0.4 mL). A red
solution was produced after 1 h at RT. Then, the NMR spectra were col-
lected (NMR yield: 93%). 'HNMR

PPh
(500 MHz, CD,CL): 6=13.7 (d, *Jyy= | %ﬁ’PhaCl
140Hz, 1H: H3), 100 (br, 1H; o\\_ n- s\xk /
OsCHCHCHNAH), 6.7 (m, 1H; HS), 6.1 (t, 6 H2 PPh; 5

Juu=14.0Hz, 1H; H4), 32 (br, 2H; 5b
NH,CH,CCH), 2.5 (br, 2H; H6), 2.3 (br,

2H; H6'), 1.9 (s, 1H; H8), 1.8 ppm (s, 1H; HS); *'P NMR (202 MHz,
CD,Cl,): 0=5.8 (s; CPPh;, —22.2 ppm (s; OsPPh).

X-ray crystallography: All single crystals were mounted on glass fibers
and transferred into a cold stream of nitrogen. Diffraction data for 3
were obtained on an Oxford Gemini-S Ultra charge coupled device
(CCD) diffractometer at 123(2) K, with graphite-monochromated Moy,
radiation (1=0.71073 A). Diffraction data for 5a’ were collected on a
Bruker CCD diffractometer at 173(2) K, with monochromated Moy, ra-
diation (1=0.71073 A). Semiempirical or multiscan absorption correc-
tions (SADABS) were applied.!'” Structures were solved by direct meth-
ods or the Patterson function, completed by subsequent difference Fouri-
er map calculations, and refined by full matrix least-squares on F* with
the SHELXTL program package.”®! Nonhydrogen atoms were refined
anisotropically unless otherwise stated. Hydrogen atoms were placed at
idealized positions and assumed the riding model. Details of crystal data,
data collection, and refinements are summarized in Table 1.

For complex 3, crystals suitable for X-ray diffraction were grown from a
solution in CICH,CH,CI layered with hexane. One chlorine atom of a

Table 1. Crystal data and structure refinement for 3 and 5a’.

mental analysis caled (%) for

3.2C,H,Cl,2H,0

5a"0.5 C,H,Cl,-0.5H,0

CoHgN,PiCL,Os: C 64.05, H 554, N o
2.23; found: C 64.04, H 5.61, N 186. 57

Compound 5a: nBuNH, (100 pL,
1.1 mmol) was added to a solution of

crystal system
space group

a[A]
PPh b 1Al
3
e /2I5thBPh4 . Z [[f‘]]
\\,\/N | W ._/—/8 o
76H2pph35”6 B
5a" v [0],
V [A7]
Z
3 (250mg, 022mmol) in CH,Cl,  Peueq [gem™?]
(13mL). The mixture was stirred at u [mm™]
RT for 1 h to give a red solution. The F (000)
solution was concentrated, and the 6 range [°]

reflns collected
independent reflns
observed reflns [1>20(1)]
data/restrains/params
GOF on F?

R\/WR, [1>20(1)]

R,/WR, (all data)

largest peak/hole [e A~

residue was washed with Et,0 and
then redissolved in CH;OH (2 mL).
NaBPh, (90mg, 0.26 mmol) was
added to the solution. A red precipi-
tate appeared after stirring for 5 min.
The precipitate was filtered, washed
with CH;0H (2x2mL) and Et,0

CsyH,4CL0sP+2 CH,Cl,-2 H,0

Cy1HgyBCIN,OsP0.5 C,H,CL+0.5 H,0

1380.37 1598.50
triclinic triclinic

Pl Pl
11.3929(3) 12.052(2)
14.1341(4) 16.299(3)
19.6739(5) 23.550(4)
104.123(2) 109.731(3)
94.344(2) 94.807(4)
92.607(2) 104.913(3)
3056.76(14) 4133.0(12)

2 2

1.500 1.284

2.513 1.711

1388 1644

2.84 to 25.00 1.36 to 25.00
25077 21194

10747 14337

9504 12068
10747/12/713 14337/30/937
1.000 1.006
0.0493/0.1104 0.0629/0.1615
0.0589/0.1143 0.0748/0.1672
1.881/-1.292 1.604/—1.236

(2x10mL), and then dried under
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CICH,CH,CI solvent molecule was disordered and refined with partial
occupancy factors. Two water solvent molecules were refined with iso-
tropic thermal parameters.

For complex 5a’, crystals suitable for X-ray diffraction were grown from
a solution in CICH,CH,CI layered with hexane. The solvent water mole-
cule and carbon atoms of the solvent CICH,CH,Cl were refined with iso-
tropic thermal parameters.

CCDC-857968 (3) and CCDC-857969 (5a’) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational details: All of the structures were optimized at the
B3LYP level of density functional theory.'”! Frequency calculations were
also performed to confirm the characteristics of the calculated structures
as minima or transition states. In B3LYP calculations, the effective core
potentials (ECPs) of Hay and Wadt with a double-T valence basis set
(LanL2DZ) were used to describe Os, P, and Cl atoms, and the standard
6-31G(d) basis set was used for C, N, and H.* Polarization functions
were added for Os (L(f)=0.886), Cl (£(d)=0.514), and P (g(d)=0.34).%!
To study the solvation effects, all structures were optimized by the IEF-
PCM model (radii=UAKS) with dichloromethane as the solvent.’? All
calculations were performed with the Gaussian 03 software package.®!
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