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Abstract: Gold(I)-triflimide (AuNTf,)complexes of
H-KITPHOS and 0-MeO-KITPHOS have been
prepared and shown to be efficient catalysts for a
range of intramolecular cyclisations to afford phe-
nols, acylindenes, alkylidene oxazoles, tetrahydro-
pyrans and lactones, in the majority of cases these
catalysts are superior to those previously reported.
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Fine-tuning of reactivity and selectivity has been an
important goal in homogeneous gold catalysis in
recent years.!'? For instance, in the case of gold(III) a
significant improvement in catalyst performance has
been achieved by changing from gold(III) halides to
catalysts based on anionic N,O ligands.”! In contrast
phosphines® and N-heterocyclic carbenes are proving
to be the ligands of choice for gold(I)-based cata-
lysts.”! Chloride-bridged dinuclear gold(I) complexes
have recently been shown to be efficient catalysts for
the cyclisation of w-alkynylfurans while their mono-
nuclear counterparts failed to provide acceptable re-
sults and that the dimer based on the bulky trimesityl-
phosphine, PMes;, was markedly more active than its
triphenylphosphine counterpart.[©!

Gold(I) phosphine-based catalysts are most com-
monly prepared by substitution of the weakly coordi-
nated tht (tht=tetrahydrothiophene) or Me,S in
(tht)AuCl or (Me,S)AuCl, respectively, with an ap-
propriate phosphine to afford 2, which is typically
converted into the active catalyst in situ by removal
of the chloride with a silver salt of a non-coordinating
counterion. However, rather than generating the cata-
lyst in situ we have found it more reproducible, con-
venient and time efficient to prepare complexes of
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the type [LAu(NTH,)] (3) which do not need to be ac-
tivated for catalysis and are stable with respect to
long-term storage. These complexes were prepared by
modification of a procedure first developed by
Gagosz et al.”) which involves abstraction of the chlo-
ride from 2 by silver triflimide to afford 3 which can
be isolated and characterised using conventional spec-
troscopic and analytical techniques (Scheme 1).
Recently, Doherty et al. have reported the synthesis
of a new class of electron-rich biaryl-like monophos-
phine KITPHOS (Figure 1), which forms highly effi-
cient catalysts for Buchwald-Hartwig aminations and
Suzuki-Miyaura cross couplings.®’! The similarity be-
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Scheme 1. Synthesis of gold-catalysts 3.

O Q O OMe

Figure 1. H-KITPHOS (1a) and 0-MeO-KITPHOS (1b).
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Scheme 2. Synthesis of gold-complexes 3a and 3b.

tween KITPHOS and Buchwald’s biaryl monophos-
phines, combined with the fact that the latter have
proven to be very successful ligands for a vast array
of gold-catalysed transformations”’ prompted us to
synthesise gold complexes of these KITPHOS mono-
phosphines and investigate their applications in a se-
lection of gold-catalysed cycloisomerisations.

Gold(I) complexes 3a and 3b were prepared in ex-
cellent yield in an operationally straight-forward two-
step procedure according to Scheme 2. In the first
step (tht)AuCl was reacted with the appropriate KIT-
PHOS monophosphine in dichloromethane to afford
2a and 2b, both of which have been characterised by
spectroscopic and analytical methods. In the second

Figure 2. X-ray crystal structures of 3a (left) and 3b (right).
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step, 3a and 3b were generated in 90 and 87% yield,
respectively, by stirring a dichloromethane solution of
the corresponding chloride complex with 1 equivalent
of AgNTf, at room temperature for 1 h.

As these are the first examples of gold(I) com-
plexes of KITPHOS monophosphines the identities of
3a and 3b have been unequivocally established by
single-crystal X-ray crystallography; the structures of
both are shown in Figure 2.1%

Figure 2 reveals that the gold atoms in 3a and 3b
both adopt a near linear geometry, coordinated by the
phosphorus atom of 1a and 1b, respectively, and the
nitrogen atom of the triflimide. Typical bond lengths
for 3a are Aul-N1=2.114(4)A and Aul-Pl=
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Figure 3. Buchwald ligands in 4a and 4b for comparison with
3a and 3b.

4a

2.2255(11) and for 3b are Aul-N1=2.110(3) A and
Aul—P1=2.2244(10) A. In both complexes the P—
Au—N angle is close to 180° [174.0(1)° for 3a and
172.2(1)° for 3b]. The aryl group occupies a position
close to the gold centre while the NTf, unit is bent
away from the aryl group, which is reflected by the
deviation from a perfectly linear P-Au—N angle, in

Table 1. Gold(I)-catalysed cyclisations with 3a and 3b.

much the same manner as described for gold(I) com-
plexes of electron-rich biaryl monophosphines.''!

In addition, we prepared the related gold(I) com-
plexes of two Buchwald ligands, 4a and 4b (Figure 3).
Both were prepared by the route described for 3a and
3b above.

An essential aspect of this investigation was to eval-
uate the efficiency of the newly developed catalysts
and for this we selected four different gold(I)-cata-
lysed cycloisomerizations that have been developed in
Heidelberg as screening reactions for new catalysts;
the results of which are listed in Table 1. Complexes
3a and 3b were each tested in the cyclisation of w-al-
kynylfurans!'” (entries 1-8), the cyclisation of 2-alky-
nylaryl epoxides!”® (entries 9-16) and N-propargylcar-
boxamides!' (entries 17-24) as well as the intramo-
lecular hydroalkoxylation (entries 25-30) and hydroxy-
carboxylation (entries 31-36) of allenes.I"”! Gratifying-
ly, 3a and 3b both proved to be highly efficient cata-

Entry Reactant Product!® Catalyst Catalyst Solvent Yield TON
[mol%] [% ][]
!\
=
o o N\F
1 5 5 X 6 0 3a 0.05 CDCl, 90 1800
/ OH
2 5 6 3b 0.05 CDCl; 95 1900
3 5 6 4a 0.05 CDCl; 28 560
4 5 6 4b 0.05 CDCl; 0 0
5 7 Y 5 8 3a 0.25 CDCl; 60 240
=/ OH
6 7 8 3b 0.25 CDCl; 70 280
7 7 8 4a 0.25 CDCl; 71 284
8 7 8 4b 0.25 CDCl; 10 40
(0]
74
9 9 N 10 3a 2 cD, 58 29
N o]
\
10 9 10 3b 2 cD, 69 35
n 9 10 4a 2 CD, 86 8
12 9 10 4b 2 C¢Dg 80 40
{ I
B3 1 ©§ 12 3a 2 CD, 34 17
N
N Ph
Ph 0
4 1 12 3b 2 CD, 50 25
15 11 12 4a 2 CsDs 25 13
6 11 12 4 2 cD, 21 11
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Table 1. (Continued)

Entry Reactant Product® Catalyst Catalyst Solvent Yield TON
[mol%] [% ]
0 Jl ﬁ\(o

17 13 14 \f 3a 2 CD,Cl, 98 49

18 13 14 3a 0.5 CD,Cl, 97 194
19 13 14 3a 0.1 CD,Cl, 99 990
20 13 14 3b 2 CD,ClL, 92 46

21 13 14 3b 0.5 CD,Cl, 97 194
2 13 14 3b 0.1 CD,Cl, 94 940
23 13 14 4a 0.1 CD,Cl, 96 960
24 13 14 b 0.1 CD,Cl, 81 810

OH
515 \’///\/\/ 16 /w 3a 0.5 CD, 98 196
(@)
2% 15 16 3a 0.05 cD, 99 1980
27 15 16 3b 0.5 CD, 95 190
28 15 16 3b 0.05 CcDy 99 1980
29 15 16 4a 0.05 cD, 97 1940
30 15 16 b 0.05 CD, 93 1860
OH
31 17 \’///\/\fr 18 M 3a 0.5 cD, 97 194
(6] ) 0

32 17 18 3a 0.05 cD, 759 1500
317 18 3b 0.5 CcD, 98 196
34 17 18 3b 0.05 CcD, 650 1300
35 17 18 4a 0.05 cD, 789 1560
36 17 18 b 0.05 CD, 89 1780

2} Reaction conditions: all catalysed reactions were performed in NMR tubes. Before adding the catalyst, an NMR spectrum

was measured.

] The yield was determined by integration and comparison with an internal standard.

[l Slow reaction, yield after 40 h.

lysts for the cycloisomerisation of 5 to give the phenol
6 in conversions of 90 and 95%, respectively, with
0.05 mol% catalyst, which corresponds to turnover
numbers of 1800 and 1900, respectively (entries 1 and
2). The complexes 4a and 4b proved to be inferior,
under the same conditions with 4a only 28% of 6
were obtained, 4b was inactive for this substrate (en-
tries 3 and 4). Both 3a and 3b also catalysed the more
challenging cyclisation of w-alkynylfuran 7, but re-
quired a catalyst loading of 0.25 mol%, corresponding
to TONs of 240 and 280 for 3a and 3b, respectively.
For comparison, AuCl; catalysed the same cyclisations
but required 5 mol% loading to achieve 64 and 71%
conversion to 6 and 8, respectively, which corresponds
to turnover numbers of 13 and 28,"”! and highlights
the efficiency of the gold(I)/KITPHOS systems (en-
tries 5 and 6). Moreover, with 4a only slightly better
results were obtained (71%, entry 7), while 4b had a
much lower activity (10%, entry 8). The cyclisation of
2-alkynylaryl epoxides 9 and 11 was also catalysed by
3a and 3b (2 mol% ) both of which gave good conver-
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sion to the corresponding 3-acylindene with signifi-
cantly higher TONs than previously reported.!"”! For
example, the TONs of 16 and 7 obtained with 5
mol% [(Ad),(n-Bu)PAu[NTHf,)] for the cyclisation of 9
and 11, respectively, are significantly lower than those
obtained with 3a and 3b (entries 9, 10, 13 and 14).
Again, the comparison with 4a and 4b is most inter-
esting, for 9 superior results were observed (entries 11
and 12), but for 11 these catalysts were less active
than the KITPHOS gold(I) complexes (entries 15 and
16).

While gold(I1I) complexes have been used to cata-
lyse the cycloisomerisation of propargylic amides, the
encouraging performance of 3a and 3b for the cyclisa-
tions described above prompted us to investigate
their use in the electrophilic activation/cyclisation of
N-propargylcarboxamide 13 to afford oxazole 14. In
this reaction, the catalyst based on 3a outperformed
that generated from 3b, the former giving TONs of
up to 990 compared with 940 for the latter (en-
tries 17-22), both of which are a marked improve-
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ment on that of 19 obtained with AuCl,."¥ Compared
with catalysts 4a and 4b (TONs of 960 and 810, en-
tries 23 and 24), the results of 3a and 3b are only
slightly superior.

Finally, the intramolecular hydroalkoxylation of al-
lenol 15 and the hydroxycarboxylation of allene-car-
boxylate 17 have recently been catalysed by 2.5 mol%
of [dppm(AuCl),] activated with 5 mol% of silver salt
to afford tetrahydropyran 16 and lactone 18 in 89 and
91% yield, respectively.[15] In contrast, 3a and 3b
both catalyse these cyclisations in each case for 15
and one case for 17 giving conversions in excess of
90% (entries 25-28 and 31-34) with a catalyst loading
of just one hundredth of that required for the dppm-
based system, which further highlights the efficacy of
AWKITPHOS as a cyclisation catalyst (TONs up to
1980). In conversions of 15 the complexes 4a and 4b
(entries 29 and 30) delivered results comparable to 3a
and 3b, for 17 with 4a and 4b (entries 35 and 36) even
slightly better results were obtained.

In conclusion, gold(I) complexes of KITPHOS are
highly efficient catalysts for a range of cyclisations
and in this regard could find widespread applications
in organic synthesis, particularly since they can be
prepared in an operationally straightforward proce-
dure from commercially available ligands.'"® When
compared to the corresponding gold(I) complexes of
related Buchwald ligands, the results strongly depend
on the test reaction.

Experimental Section

General

The first multiplicity reported for *C NMR refers to cou-
pling with protons. If there were couplings with other hetero-
atoms (*'P, '°F), the multiplicity is listed separately after the
muliplicity based on protons.

Dicyclohexyl(12-phenyl-9,10-dihydro-9,10-etheno-
anthracen-11-yl)phosphanegold Chloride (2a)

(tht)AuCl (64.1 mg, 200 umol) was dissolved in dichlorome-
thane (DCM) (1 mL) and a solution of 1a (95.3 mg, 200
pmol) in DCM (1 mL) was added. The reaction mixture was
stirred for 15 min and the solvent was removed under re-
duced pressure to afford 2a as a colourless powder; yield:
141 mg (199 pmol, 99%); mp >310°C (could not be mea-
sured); IR (KBr): v=2927, 2851, 1619, 1488, 1475, 1190,
1157, 767, 751, 698 cm™*; MS (FAB™): m/z =731.2 [M+Na*],
673.2 [M*—Cl]; HR-MS (FABY): m/z=673.2288, calcd. for
C; H3,PAu: 673.2298.

It was not possible to measure NMR spectra because of
the low solubility in all solvents.

580 asc.wiley-vch.de

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dicyclohexyl(12-phenyl-9,10-dihydro-9,10-etheno-
anthracen-11-yl)phosphanegold Bis(trifluoro-
methane)sulfonimide (3a)

Compound 2a (81.6 mg, 115 umol) and AgNTf, (44.8 mg,
115 pmol) were suspended in DCM (5 mL) and stirred for
1.5 h. The reaction mixture was filtered through silica gel
and the solvent was removed under reduced pressure at
room temperature to afford of the complex as a colourless
solid; yield: 99.1 mg (104 pumol, 90%); mp 208-210°C (de-
composition); 'HNMR (500 MHz, CDCl): 6=1.02-1.40
(m, 12H), 1.61-1.70 (m, 4H), 1.76-1.98 (m, 4H), 2.15-2.27
(m, 2H), 5.25 (d, *J=3.4 Hz, 1H), 5.41 (d, ¥/=5.7 Hz, 1H)
6.97 (bs, 2H), 7.03-7.09 (m, 4H), 7.31-7.39 (m, 4H), 7.40-
7.45 (m, 3H); "C NMR (125 MHz, CDClLy): 6=25.7 (t, 2 C),
26.5 (t,d: Jep=129Hz, 2 C), 26.5 (t, d: Jcp=14.3Hz, 2 C),
302 (t, 2 C), 30.8 (t, d: Jcp=1.8 Hz, 2 C), 35.4 (d, d: Jcp=
36.2 Hz, 2 C), 53.6 (d), 61.5 (d), 1194 (s, q: Jcr=323.8 Hz,
2C), 1231 (d,2 C), 123.8 (d,2 C), 125.5(d,2 C), 1259 (d, 2
), 1269 (d, 2 C), 129.0 (d, 2 C), 129.6 (d, 2 C), 140.0 (s),
141.0 (s), 143.6 (s, 2 C), 144.0 (s, 2 C), 170.2 (s); *'P NMR
(202 MHz, CDCly); 6=36.04; IR (KBr): v=2929, 2852,
1621, 1463, 1449, 1351, 1333, 1199, 1137, 1060, 767, 743,
698 cm™'; MS (FABY): m/z=673.3 [M-NTf,]"; HR-MS
(FABY): m/z=673.2263, calcd. for C3,H;,PAu: 673.2298.

Dicyclohexyl[12-(2-methoxyphenyl)-9,10-dihydro-
9,10-ethenoanthracen-11-yl]phosphanegold Chloride
(2b)

(tht)AuCl (64.1 mg, 200 umol) was dissolved in DCM
(1 mL) and a solution of 1b (101 mg, 200 umol) in DCM
(1 mL) was added. The reaction mixture was stirred for
15 min and the solvent was removed under reduced pressure
to afford 2b as a colourless powder; yield: 151 mg (200
umol, quantitative). mp 300-303°C (decomposition);
"H NMR (500 MHz, CDCl,): 6=1.02-1.40 (m, 11H), 1.49-
1.99 (m, 9H), 2.11-2.22 (m, 2H), 3.62 (s, 3H), 5.17 (d, ¥ =
33 Hz, 1H), 5.36 (d, */=5.4 Hz, 1H), 6.68 (dd, J=7.6 Hz,
J=1.7Hz, 1H), 6.92-6.97 (m, 2H), 6.98-7.08 (m, 4H), 7.23-
7.26 (m, 1H), 7.30-7.35 (m, 3H), 7.46 (td, J=79Hz, J=
1.7 Hz, 1H); ®*CNMR (125 MHz, CDCl,): 6=25.7 (t), 26.5
(t,d: Jcp=13.3 Hz), 26.7 (t, d: Jcp=14.4 Hz, 2 C), 26.8 (t, d:
Jep=12.3 Hz), 29.8 (t), 29.8 (t, d: Jcp=3.7 Hz), 29.9 (1), 31.2
(t, d: Jop=4.1Hz), 352 (d, d: Jcp=36.2Hz), 354 (d, d:
'Jep=35.5Hz), 54.7 (d, d: Jc,=3.0 Hz), 55.0 (q), 60.4 (d, d:
Jep=7.8 Hz), 111.5 (d), 121.1 (d), 122.7 (d), 122.8 (d), 123.8
(d), 123.9 (d),124.8 (d), 125.2 (d), 125.2 (d), 125.5 (d), 127.8
(s, d: Jep=6.7Hz), 129.3 (d), 130.5 (d), 132.5 (s, d: Jep=
49.8 Hz), 143.6 (s), 144.2 (s), 1449 (s, d: Jcp=1.3 Hz), 145.0
(s, d: Jep=22Hz), 156.7 (s), 168.3 (s, d: Jcp=11.4 Hz);
P NMR (202 MHz, CDCl;): 6=37.19; IR (KBr): v=2928,
2851, 1618, 1585, 1486, 1460, 1267, 1243, 1116, 1023, 764,
749 cm™; MS (FABY): m/z: 7612 [M+Na]*, 7382 [M*],
703.2 [M*—Cl]; HR-MS (FAB™): m/z =738.2108, calcd. for
CysHyO®CIPAu: 7382093, m/z=703.2416, calcd. for
C;sH;30OPAu: 703.2416.
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Dicyclohexyl[12-(2-methoxyphenyl)-9,10-dihydro-
9,10-ethenoanthracen-11-yl]phosphanegold Bis(tri-
fluoromethane)sulfonimide (3b)

Compound 2b (75.7 mg, 102 pmol) and AgNTf, (39.7 mg,
102 pmol) were suspended in DCM (3 mL) and stirred for
1.5 h. The reaction mixture was filtered through silica gel
and the solvent was removed under reduced pressure at
room temperature to affordthe complex as a colourless
solid; yield: 87.8 mg (89.2 pmol, 87%); mp 219-221°C (de-
composition); 'HNMR (300 MHz, CDCl;): 6=0.92-2.25
(m, 22H), 3.64 (s, 3H), 5.19 (d, J=3.5Hz, 1H), 5.36 (d,
*J=5.9 Hz, 1H), 6.69 (dd, J=7.6 Hz, J=1.5 Hz, 1H), 6.93—
711 (m, 6H), 7.21-727 (m, 1H), 7.29-7.44 (m, 4H);
CNMR (75 MHz, CDCl,): 6=25.7 (1), 25.8 (t), 26.4 (t, d:
Jep=13.0Hz), 26.6 (t, d: Jcp=14.1Hz), 29.7 (t, d: Jep=
12.8 Hz, 2 C), 29.9 (t), 30.2 (t, d: Jcp=2.7 Hz), 30.3 (1), 31.4
(t, d: Jep=4.0Hz), 353 (d, d: Ycp=36.9 Hz), 35.5 (d, d:
Jep=36.8 Hz), 54.8 (d, d: Jcp=4.8 Hz), 54.9 (q), 60.6 (d, d:
Jep=8.1Hz), 1119 (d), 1194 (s, q: Jr=3235Hz, 2 O),
121.2 (d), 122.7(d), 122.8(d), 123.9 (d), 124.0 (d), 124.9 (d),
1253 (d), 1254 (d), 125.6 (d), 126.9 (s, d: Jcp=6.7 Hz),
129.1 (d), 129.8 (s), 130.6 (d), 143.3 (s, d: Jcp=1.7 Hz), 143.9
(s, d: Jep=2.0Hz), 144.7 (s, d: Jcp=2.4 Hz), 144.8 (s, d:
Jep=1.8 Hz), 156.7 (s), 169.4 (s, d: Jop=10.1 Hz); *'P NMR
(121 MHz, CDCl;): 6=36.25; IR (KBr): v=2929, 2852,
1620, 1486, 1460, 1450, 1333, 1268, 1241, 1198, 1141, 1059,
764, 749 cm™'; MS (FAB™): m/z=703.3 [M—NTf,]*; HR-MS
(FABY): m/z =703.2346, calcd. for C;sH3OPAu: 703.2416.

2-(Dicyclohexylphosphino)biphenylgold Bis(tri-
fluoromethane)sulfonimide (4a)

(tht)AuCl (96.7 mg, 301 umol) was dissolved in DCM
(2 mL) and 2-(dicyclohexylphosphino)biphenyl (106 mg, 301
umol) was added. The solution was stirred for 30 min and
then the solvent was removed under reduced pressure with-
out heating to obtain a white solid. Next the solid was dis-
solved in DCM (2 mL) and AgNTf, (117 mg, 301 umol) was
added. After stirring for 30 min the solvent was removed
under reduced pressure without heating to afford the prod-
uct as a white foam; yield: 229 mg (277 umol, 92%); mp:
83-85°C; 'HNMR (500 MHz, CDCl;): 6=1.10-1.45 (m,
10H), 1.54-2.15 (m, 12H), 7.19 (d, /=6.9 Hz, 2H), 7.31 (m,
1H), 7.43-7.59 (m, 5H), 7.73 (m, 1H); “C NMR (125 MHz,
CDCly): 0=25.7 (t, 2 C), 26.5 (t, d: Jcp=14.5, 2 C), 26.6 (t,
d: Jep=13.1, 2 C), 30.0 (t, 2 C), 31.5 (t, d: Jcp=32, 2 C),
36.7 (t, d: Jep=34.2,2 C), 128.0 (d, d: Jcp=10.2 Hz), 128.6
(d), 129.1 (d, 2 C), 129.3 (d, 2 C), 131.5 (d), 132.8 (d, d:
Jep=7.7Hz, 2 C); *PNMR (202 MHz, CDCl,): §=45.94;
IR (KBr): v=2929, 2852, 1629, 1345, 1196, 1144, 1061, 756,
701, 656, 603, 574, 513cm™'; MS (FABY): m/z=>547.2
[M—NTf,]*; HR-MS (FABY): m/z=547.1852, calcd. for
C,,H; AuNP: 547.1829.

2-(Dicyclohexylphosphino)-2'-(V,N-dimethylamino)-
biphenylgold Bis(trifluoromethane)sulfonimide (4b)

(tht)AuCl (96.2 mg, 300 umol) was dissolved in DCM
(2 mL) and 2-(dicyclohexylphosphino)-2'-(N,N-dimethylami-
no)biphenyl (118 mg, 300 pumol) was added. The solution
was stirred for 30 min and then the solvent was removed
under reduced pressure without heating to obtain a white
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solid. Next the solid was dissolved in DCM (2mL) and
AgNTf, (116 mg, 300 pmol) was added. After stirring for
30 min the solvent was removed under reduced pressure
without heating to afford the product as a white foam;
yield: 241.85 mg (278 pmol, 93%); mp 48-50°C; 'H NMR
(500 MHz, CDCl;): 6=1.00-2.18 (m, 22H), 2.47 (s, 6H),
6.96-7.18 (m, 3H), 7.36-7.48 (m, 2H), 7.52-7.68 (m, 3H);
BCNMR (125 MHz, CDCly): 6=25.8 (t), 25.9 (t), 26.5 (1),
26.6 (1), 26.7 (t, d: Jop=13.3 Hz), 27.1 (t, d: Jcp=13.0 Hz),
29.9 (1), 30.6 (t), 31.2 (1), 31.7 (t), 36.3 (d, d: Jop=31.1 Hz),
37.3 (d, d: Jp=31.7 Hz), 43.8 (q, 2 C), 119.1 (d), 122.2 (d),
124.5 (s), 128.1 (d), 129.8 (d), 132.1 (d), 132.6 (d), 132.8 (d),
133.6 (d), 134.6 (s), 147.8 (s),152.1 (s); *'P NMR (202 MHz,
CDCl;): 6=43.98; IR (KBr): v=2931, 2853, 1351, 1194,
1143, 1059, 745, 653, 616, 600, 572, 513; HR-MS (FABY):
m/7=590.2247 [M-NTf,]*, caled. for C,;H;AuNP:
590.2245.

General Procedure for Gold-Catalysed Reactions

The reagent and the internal standard were dissolved in
deuterated solvent and an NMR spectrum was measured.
The catalyst was added and the tube was shaken vigorouely.
The yield was determined by integrating the NMR signals
against the internal standard.

a) 5 (453 mg, 193 pmol), 1,3,5-tri-tert-butylbenzene
(1.94 mg, internal standard), CDCl; (450 pL), 3a (19.1 mg of
a 0.5 wt% solution in CDCl;, 100 nmol). 90% yield deter-
mined with internal standard.

b) 5 (46.4mg, 198 umol), 1,3,5-tri-tert-butylbenzene
(2.44 mg, internal standard), CDCl; (450 uL), 3b (19.7 mg of
a 0.5 wt% solution in CDCl;, 100 nmol). 95% yield deter-
mined with internal standard.

¢) 7 (30.4 mg, 202 umol), 1,3,5-tri-tert-butylbenzene (2 mg,
internal standard), CDCl; (450 uL), 3a (954 mg of a 0.5
wt% solution in CDCl;, 500 nmol). 60% yield determined
with internal standard.

d) 7 (30.4 mg, 202 pmol), 1,3,5-tri-fert-butylbenzene (2 mg,
internal standard), CDCl; (450 uL), 3b (983 mg of a 0.5
wt% solution in CDCl;, 500 nmol). 70% yield determined
with internal standard.

e) 9 (49.1 mg, 203 umol), hexamethylbenzene (1.91 mg, in-
ternal standard), CsDs (500 pL), 3a (3.79 mg, 3.98 umol).
58% yield determined with internal standard.

f) 9 (49.3 mg, 203 umol), hexamethylbenzene (1.83 mg, in-
ternal standard), C,Dy (500 uL), 3b (3.89 mg, 3.95 umol).
69% yield determined with internal standard.

g) 11 (46.5 mg, 198 pumol), hexamethylbenzene (1.98 mg,
internal standard), C,Dg (500 uL), 3a (3.79 mg, 3.97 umol).
34% yield determined with internal standard.

h) 11 (45.8 mg, 195 umol), hexamethylbenzene (1.56 mg,
internal standard), C,Dy (500 uL), 3b (3.96 mg, 4.03 umol).
50% yield determined with internal standard.

i) 13 (14 mg, 80.8 pumol), 1,3,5-tri-tert-butylbenzene (1 mg,
internal standard), CD,Cl, (500 pL), 3a (1.54mg, 1.61
umol). 98% yield determined with internal standard.

j) 13 (164 mg, 94.7 pmol), 1,3,5-tri-tert-butylbenzene
(1.56 mg, internal standard), CD,Cl, (500 uL), 3b (1.84 mg,
1.87 umol). 92% yield determined with internal standard.

k) 15 (27.7 mg, 220 umol), DMF (external standard), C;Ds
(500 puL), 3a (1.05mg, 1.10 pmol). 98% yield determined
with external standard.
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1) 15 (28.2 mg, 224 umol), DMF (external standard), CDs
(500 puL), 3b (1.10 mg, 1.12 pmol). 95% yield determined
with external standard.

m) 17 (28.1 mg, 201 pmol), DMF (external standard),
CsDg (500 pL), 3a (960 pg, 1.0 umol). 97% yield determined
with external standard.

n) 17 (28.5 mg, 203 umol), DMF (external standard), C¢Dy
(500 pL), 3b (1.0 mg, 1.02 umol). 98% yield determined with
external standard.
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