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Improved Synthesis of (Aminocarbene)chromium(0) Complexes
with Use of Co,K-Generated Cr(CO),2~. Multivariant Optimization
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Potassium-graphite (CgK) was an efficient reducing agent for the conversion of Cr(CO)g to Ko,Cr(CO);.
Reaction of a wide variety of amides with K,Cr(CO); produced in this manner gave good to excellent yields
of (aminocarbene)chromium(0) complexes. Both the reaction procedure and purification of products were
much more convenient than those for the previously developed sodium naphthalene procedure. The
aminocarbene complex from 1-benzylpiperidin-2-one was formed in only 8% yield under standard conditions.
Optimization studies changing one variable at a time (OVAT) increased this to only 32%. Application
of multivariant optimization techniques rapidly increased this yield to 78%.

Introduction

Heteroatom-stabilized (“Fischer”) chromium carbene
complexes! continue to be extensively developed as useful
reagents for organic synthesis.? In the past, most of the
studies centered on the chemistry of alkoxycarbene com-
plexes, and this area continues to be extensively exploited.
More recently the related chemistry of aminocarbene
complexes has begun to be explored, with substantial
differences in reactivity patterns being observed. For
example, (aryl)(alkylamino)carbene complexes underwent
thermal reactions with alkynes to give indanones or
aminoindenes,® while (alkyl)(alkenylamino)-, (alkyl)(azir-
idinyl), and (alkyl)(piperidinyl)carbenes produced bicyclic
unsaturated lactams.3* More complex structures were
produced when enynes were used as substrates.® (Al-
kyl)(amino)carbene complexes having a-hydrogens were
homologated by a-deprotonation followed by alkylation
with carbonyl compounds® or alkyl halides,” for ultimate
use in organic synthesis. Aminocarbene complexes have
also been N-acylated® and the resulting complexes con-
verted to a number of unusual organic compounds. In
these laboratories, photolytic reactions of aminocarbene

(1) For recent reviews see: (a) Seyferth, D., Ed. Transition Metal
Carbene Complexes; Verlag Chemie: Deerfield Beach, FL, 1983. (b)
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Series 269, Kluwer Academic Publishers: Dordrecht, The Netherlands,
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(Engl. Transl.) 1985, 53, 672.
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111, 5485.

(7) (a) Wulff, W. D,; Anderson, B. A.; Isaacs, L. D. Tetrahedron Lett.
1989, 30, 4061. (b) Hegedus, L. S.; Schwindt, M. A,; DeLombaert, S.;
Imwinkelried, R. J. Am. Chem. Soc. 1990, 112, 2264.
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complexes to produce amino-g-lactams® and a-amino acid
esters'® have been extensively developed.

Chromium aminocarbene complexes are most commonly
prepared by exchange processes involving replacement of
an alkoxy or acyloxy group from the corresponding oxo-
carbene by an amine.!! This process is limited to the
exchange of unhindered primary, and in some cases, sec-
ondary amines, and is restricted to those alkoxycarbene
complexes accessible from ortholithium reagents.’? We
recently developed a general approach to (amino-
carbene)chromium compounds utilizing the reaction of
Na,Cr(CO);, generated by the reduction of Cr(CO), with
sodium naphthalenide, with amides, followed by the ad-
dition of trimethylsilyl chloride (eq 1, path a).!® This

Cr(CO)s + 2 NaNaphth Na Cr(CO)s

b

CriCO)y + 2CgK  ———= K,Cr(CO)s

o
1 -

1 .
) BT NR, (CO)5Cr=< (1)
2) TMSCI R

reaction was quite general, and a wide variety of amino-
carbene complexes were available by this method. A
technical limitation of this procedure is the necessity of
separating the product carbene from 2 equiv of naphtha-
lene. In all cases, large amounts of silica gel were required
for chromatographic purification, and with carbenes having
large aliphatic groups, multiple separations were required
to give pure product. To circumvent these problems, more
easily separated reducing agents for chromium hexa-
carbonyl were sought.

(9) (a) Hegedus, L. S.; Imwinkelried, R.; Alarid-Sargent, M.; Dvorak,
D.; Satoh, Y. J. Am. Chem. Soc. 1990, 112, 1109. (b) Borel, C.; Hegedus,
L. S.; Krebs, J.; Satoh, Y. J. Am. Chem. Soc. 1987, 109, 1101. (c) Hegedus,
L. S.; D’Andrea, S. J. Org. Chem. 1988, 53, 3113.

(10) Hegedus, L. S.; deWeck, G.; D’Andrea, S. J. Am. Chem. Soc. 1988,
110, 2122,

(11) For a detailed discussion of ammonolysis of alkoxycarbene com-
plexes see: Kreissl, F. R. In Transition Metal Carbene Complexes;
Seyferth, D., Ed.; Verlag Chemie: Deerfield Beach, FL, 1983.

(12) Alkoxycarbene complexes have also been prepared from acid
halides: Semmelhack, M. F.; Lee, G. R. Organometallics 1987, 6, 1839.

(13) Imwinkelreid, R.; Hegedus, L. S. Organometallics 1988, 7, 702.
Aminocarbenes had previously been prepared by the reaction of Vil-
smeier’s salts with Na,Cr(CO)s: Hartshorn, A. J.; Lappert, M. F.; Turner,
K. J. Chem. Soc., Dalton Trans. 1978, 348.
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Potassium—-graphite (CzK) is easily prepared by simply
heating the two components at 150-160 °C for a short time
under an inert atmosphere. This heterogeneous reagent
has been used to reduce a variety of organic compounds!*
and has been reported to reduce Cr(CO)g to the binuclear
complex K,Cryo(CO)q at 25-40 °C in THF,! with graphite
being the only byproduct. Although this binuclear complex
is of no use for the preparation of aminocarbenes from
amides, the ease of preparation of CgK and the potential
ease of separation of desired products from the residue of
the reducing agent (graphite in this case) were sufficiently
appealing to prompt attempts to use CgK to reduce Cr-
(CO)4 to K,Cr(CO); (eq 1, path b). The results of these
studies are reported below.

Results and Discussion

Heating potassium metal together with graphite under
argon to 150 °C in a sand bath for 10-15 min with stirring
produced the CzK laminate, as evidenced by the change
of color of the solid from the silver-gray of graphite to the
metallic bronze color of the (pyrophoric) laminate. Ad-
dition of Cr(CO)4 to a THF suspension of CgK cooled to
=78 °C followed by warming to 0 °C over the course of 3
h produced a silvery green slurry of the relatively insoluble
K,Cr(CO); in a yellow-green solution. This suspension
could be stored at =20 °C until use. Cooling this slurry
to =78 °C, followed by adding the amide, warming to 0 °C,
and stirring at that temperature until the slurry dissipated,
cooling to —78 °C, followed by addition of trimethylsilyl
chloride, and finally warming to room temperature pro-
duced the aminocarbene complex, which was easily puri-
fied by passing through a short plug of silica gel with 1:1
hexane-CH,Cl, as solvent (Table I). The yields by this
procedure were comparable to or better than those ob-
tained with sodium naphthalenide as a reducing agent.
This, coupled with the greater ease of purification, makes
the CgK method the procedure of choice.

However, it was still not universally efficient. A par-
ticularly important example of this is entry 10 in Table
I. This complex, derived from 1-benzylpiperidin-2-one, was
central to a planned synthesis of pipecolic acid deriva-
tives,” and a high-yield synthesis of it was important.
With use of the previously developed sodium naphthal-
enide procedure!® the yield was only 8%. Attempts to
optimize the yield by the traditional changing of one
variable at a time (OVAT) increased it to only 18%.
Changing from sodium to potassium naphthalenide under
the improved conditions increased the yield to 32%, and
virtually the same yield was obtained with CgK. OVAT
optimization at this stage led to no improvement.

The reason for this lies in the complexity of the reaction
itself. The yield can and does depend on a number of
different variables, and these variables are almost surely
correlated rather than independent—that is, changing one
variable will modify the influence of other variables in the
reaction. If this is indeed the case, the OVAT approach
will never lead to optimal yields. Instead procedures that
make it possible to consider the joint influences of all
variables simultaneously are required.!® Such
“multivariate” techniques are available!” and are in com-

(14) For reviews see: (a) Csuk, R.; Glanzer, B. I.; Firstner, A. Adv.
Organomet. Chem. 1988, 28, 85. (b) Savora, D.; Trombini, C.; Umani-
Ronchi, A. Pure Appl. Chem. 1985, 57, 1887.

(15) (a) Ungurenasu, C.; Palie, M. J. Chem. Soc., Chem. Commun.
1975, 388. (b) Boldrini, G. P.; Umani-Ronchi, A.; Panunzio, M. Synthesis
1976, 596. In both of these cases, only 1 equiv of potassium to chromium
was used.

(16) For an easily understood discussion of this see: Carlson, R. Chem.
Scr. 1987, 27, 545.
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Table 1. Synthesis of Chromium Carbene Complexes
yield, %°
CsK  Na(naphth)

carbene complex

NR',
coper={
R
1. R=H,R = Me 33 84
2. R=Ph R =Me 87 93
3: R=Me, R =Bzl 50 44
96 93
4 R=HNR, = 'L/o
PH
~ 63
5: R=HNR;=N_Jp
PH
\ 54 78
= s =N (o]
6: R = Me, NR/,
7. R =0-CIPh, R’ = Et 50
8: R = 3-fury; R" = Et 63
9: R=H,R' =Ph 350 33t
12: R = (CHy),CH,, R =Me 74
8 78 8 (32)°
N
o= )
10
0 544 42¢
(CO)SCf=<J
11

%Yields are for isolated, purified complexes. ®Prepared from the
corresponding Vilsmeier’s salt rather than the formamide. °Yield
with use of potassium naphthalenide. ¢Prepared from reaction of
the dianion with v-chloropropionyl chloride.

mon use in industrial situations but are rarely applied to
fundamental research problems.

Rigorous multivariate optimization requires a full fac-
torial analysis, wherein the response of the reaction to all
variables is probed. The number of experiments required
is 2", where n is the number of variables. However, with
some foreknowledge of the relative importance of variables,
from preliminary experiments, a “fractional factorial”
design can be employed'® and often leads to rapid im-
provement. Such a system was applied to the optimization
of the synthesis of complex 10.

Experience from attempted OVAT optimization sug-
gested that a number of variables influenced the yield and
that other variables could be kept constant. In this study
the “constant” variables were chosen as follows: (1) ion
pairing (with K* as counterion for the dianion); (2) THF
as solvent; (3) TMSCI as electrophile; (4) use of 1.1 equiv
of dianion vs amide. The variables that initially were
considered most important (with levels at which they were
studied given in parentheses) were (1) C, the concentration
of the dianion (0.1 and 0.3 M) (2) Ay, the temperature of
the reaction mixture after addition of amide (-35 and 0
°C), {3) A, the time allowed for the reaction between
amide and dianion (*/, and 1!/, h), (4) T, the equivalents
of electrophile (2.2 and 4.0 equiv), (5) T, the temperature
for reaction of the initial adduct with the electrophile (-35
and 25 °C), and (6) T\, the time for the reaction between
initial adduct and electrophile (}/, and 1!/, h). With use
of these six variables a fractional factorial design with eight

(17) Box, G. E. P. In The Design and Analysis of Industrial Exper-
iments; Davies, O. L., Ed.; Longmans: London, 1978; pp 495-578.

(18) Box, G. E. P.; Hunter, W. G.; Hunter, J. S. Statistics for Ex-
periments; Wiley: New York, 1978.
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experiments (26-%) was constructed (Table II).171®

The average yield from these experiments was 46%
(highest yield 58%), which should be compared to the 32%
yield that was obtained from the OVAT procedure, but
no conclusions could yet be made about the importance
of the separate variables. In order to resolve this, a new
fractional factorial design was constructed with eight new
experiments complementing the first set of experiments
(Table III). From this set of experiments a high yield of
61% was obtained with an average yield of 46%. Using
the 16 experiments unambiguously showed the importance
of the variables studied, with the variables most affecting
the yield being the concentration of electrophile (higher
yields with lower concentration), the time for the reaction
between the initial adduct and electrophile (shorter time
leading to higher yields), and the temperature and time
for reaction between dianion and amide (higher temper-
ature and longer time leading to higher yield). The con-
centration of the dianion did not significantly influence
the reaction (Figures 1 and 2).

In order to confirm the significance of the variables, a
number of experiments were designed outside the domain
studied, moving in the direction suggested from the var-
iables (steepest ascent approach; Table V).!8 When each
of the variables influencing the reaction was extended in
the direction of steepest ascent, only a 41% yield of
product was obtained, indicating that at least one variable
was extended too far. By retreat to an intermediate
position (see Experimental Section for details), a 78% yield
of complex 10 was obtained. The experiment was repeated
with use of this final set of conditions, and a 77% yield
of 10 was obtained, verifying the validity of the procedure.

Since full optimization to 100% was deemed unneces-
sary, no further optimization studies were carried out.
Although the specific optimum conditions for the synthesis
of complex 10 are unlikely to be general for the optimum
synthesis of other difficult-to-prepare complexes, the
knowledge gained about the importance and influence of
reaction variables on yield should be generally applicable
to all specific cases of this reaction class, making opti-
mization in other systems considerably more efficient.

Experimental Section

General Procedure. Melting points were taken on a Mel-
Temp apparatus and are uncorrected. A Bruker IBM-200 NMR
spectrometer was used for the 200-MHz *H NMR spectra. The
270-MHz 'H NMR and the 68-MHz *C NMR spectra were ob-
tained on a Bruker IBM-270 NMR spectrometer. The 300-MHz
'H NMR and 75-MHz 13C spectra were obtained on a Bruker ACE
300 NMR spectrometer. NMR spectra were recorded in CDCl,,
and chemical shifts are given in parts per million relative to Me,Si
(0 ppm, 'H) or CDCl, (77 ppm, ¥C). UV-vis spectra were obtained
on a Varian DMS 80 spectrophotometer. IR spectra were recorded
on a Perkin-Elmer 1600 Series FT IR spectrophotometer. Electron
impact and chemical ionization mass spectra were obtained on
a VG Micromass Ltd. Model 16F spectrometer. Elemental
analyses were performed by M-H-W Laboratories, Phoenix, AZ.
Column chromatography was performed with use of Alfa 70-um
silica gel as the stationary phase.

Solvents. Tetrahydrofuran (Mallinckrodt, AR grade) was
predried over CaH; and distilled from benzophenone ketyl under
a nitrogen atmosphere just prior to use. Hexane (technical grade)
was distilled at atmospheric pressure. Methylene chloride was
distilled over CaH, and stored over molecular sieves.

Reagents. The following reagents were purchased from the
specific suppliers and used as received: chromium hexacarbonyl
(Pressure Chemical), graphite (technical grade, Schaar and Co.),
potassium (Mallinckrodt), chlorotrimethylsilane (Petrarch), 4-
chlorobutyryl chioride (Aldrich), N,N-diphenylformamide (Ald-

(19) Deshayes, C. M. P. Bull. Soc. Chim. Fr. 1980, 11-24.

Schwindt et al.

rich), dimethylformamide (Aldrich), oxalyl chloride (Aldrich). The
following amides were prepared according to literature procedures;
2,4,5,6,7, 8133, 10> The amide 12 was prepared from the
corresponding acid chloride and the appropriate amine by fol-
lowing the general procedure reviewed by Beckwith.?* The
Vilsmeier salt of 9 was prepared according to the literature
procedure.®

Preparation of Dipotassium Pentacarbonylchromate from
Potassium-Graphite (CgK) Laminate. Graphite (2.34 g, 195
mmol) was heated, while being stirred with a magnetic stirbar
under argon, for 15 min at 150-160 °C in an Airless flask, in a
sand bath. Potassium (0.95 g, 24.3 mmol) was added under argon,
and the mixture was kept at 160 °C with stirring until the laminate
had formed (10-15 min). The material was highly pyrophoric,
necessitating cautious handling in thoroughly dried solvents. CgK,
the bronze color of which was indicative of its formation, was then
cooled and suspended in 35 mL of anhydrous THF. CgK (2.2
equiv) in THF was cooled to -78 °C, and Cr(CO)q (2.42 g, 11.0
mmol) was added under a positive flow of argon. The reaction
mixture was stirred !/, h at -78 °C and placed in an ice bath at
0 °C until the solution turned from a bronze-black color to a thick
slurry of silvery green solids in a yellow-green solution. It was
ready to use immediately or could be stored in the freezer for
several days.

General Procedure for the Preparation of the (Amino-
carbene)chromium Complexes. The Airless flask containing
the K,Cr(CO);, graphite residues, and THF was cooled to -78 °C
under argon, and the amide (10 mmol) was added via syringe. The
reaction mixture was stirred at ~78 °C for !/, h, warmed to 0 °C
for 1 h (if solids other than graphite persisted, the mixture was
warmed briefly to 25 °C to dissolve them), and cooled to ~78 °C,
TMSCI (30 mmol) was added, and this solution was stirred for
!/, h and warmed to 25 °C. Neutral Al,O5 (25 g) was added to
absorb the product, and the solvent was removed under reduced
pressure. Special care was taken to remove all of the THF at this
stage. The resulting dry powder was chromatographed on a silica
gel column (15-20 cm X 2 cm) with hexane-CH,Cl, (1:1) as eluent
to obtain the aminocarbene generally as the only product.

Pentacarbonyl[(dimethylamino)methylene]chromium (1).
The above procedure was used to produce 1.98 g (93%) of carbene
1, as yellow crystals, from 623 mg (8.5 mmol) of dimethylform-
amide, 10 mmol of K,Cr(CO);, and 25.5 mmol of TMSCI. This
material was identical in all respects with that previously de-
scribed.!?

Pentacarbonyl[(dimethylamino)phenylecarbene]chromi-
um (2). The above procedure was used to produce 1.97 g (87%)
of carbene 2, as yellow crystals, from 1.04 g (7.0 mmol) of N,N-
dimethylbenzamide, 10 mmol of K,Cr(CO);, and 21 mmol of
TMSCIL. This material was identical in all respects with that
previously described.!®

Pentacarbonyl[(dibenzylamino)methylcarbene]chromium
(3). The above procedure was used to produce 1.29 g (50%) of
carbene 3, as a yellow oil, from 1.49 g (6.2 mmol) of N,N-di-
benzylacetamide, 10 mmol of K,Cr(CO);, and 18.6 mmol of
TMSCI. This material was identical in all respects with that
previously described.™

Pentacarbonyl{((55)-2,2-dimethyl-5-phenyl-1-aza-3-oxa-
cyclopentyl)methylenelchromium (4). The above procedure
was used to produce 4.3 g (96%) of carbene 4, as a yellow solid,
from 2.5 g (12.2 mmol) of the corresponding formamide, 13.4 mmol
of KoCr(CO);, and 34 mmol of TMSCL. This material was identical
in all respects with that previously described.!®

Pentacarbonyl[((58)-5-phenyl-1-aza-3-oxacyclopentyl)-
methylenejchromium (5). The above procedure was used to
produce 0.18 g (63%) of carbene 5, as a yellow solid, from 150
mg (0.8 mmol) of the corresponding formamide, 1.1 mmol of
K,Cr(CO);, and 2.5 mmol of TMSCL. 'H NMR (270 MHz): 6 4.14
(dd, J = 7.6,9.0 Hz, 1 H, OCHy), 4.59 (dd, J = 6.9,9.2 Hz, 1 H,
OCH,), 4.87 (t, J = 6.7 Hz, 1 H, NCHPh), 5.63 (s, 2 H, NCH,),
7.15~7.43 (m, 5 H, ArH), 11.03 (s, 1 H, Cr==CH). *C NMR (75
MHz): 6 71.6 (OCH,), 75.0 (NCHPh), 86.0 (NCH,0), 127.4 (Ar),
129.5 (Ar), 129.6 (Ar), 135.8 (Ar), 217.0 (cis CO), 223.5 (trans CO),
260.3 (Cr=C). IR (film): » 2057, 1908 cm™.. UV-vis (11.7 mg/250
mL of hexane): Ay, 375 nm (e = 11375). MS (EI): m/z 355 (M*
+ 2), 364 (M* + 1), 353 (M), 325 (M* - CO), 297 (M* ~ 2CO),
269 (M™* - 3C0), 241 (M* - 4C0O), 213 (M* -~ 5C0O). Anal. Caled
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Table II. Fractional Factorial Design and Results for the
Screening of Preliminary Variables

variable response

first series run no. C Ty T, Ay A, T. % yield
1 - - + + + 559
2 + - - - -+ 412
3 - 4+ - -+ - 435
4 + + - + - - 519
5 - -+ 4+ - - 358
6 + - 4+ -+ - 449
7 -+ + - -+ 388
8 + + + o+ + o+ 52.7
caled effect and mean 2.8 1.8 -3.3 4.2 29 08 46.3

Table III. Complement Fractional Factorial Design and
Results for the Screening of Preliminary Variables

variable
second seriesrunno. C Tp T, Ar A4, T,

response
% yield

49.4
60.9
49.9
36.8
50.9
31.6
42.8
45.0

45.9

4

[y

00 -1 O OV s GO KD k4
+4+++ 11
4+ 1

L+ L+ 4+ 4

+
+

!l\,)+|+|+|+|
w
P R
(4]

caled effect and mean -23 -33 04 19

for C;;H;,CrNOg C, 51.00; H, 3.14; N, 3.97. Found: C, 51.12;
H, 3.15; N, 4.00.
Pentacarbonyl(morpholinomethylcarbene)chromium (6).
The above procedure was used to produce 1.21 g (54%) of carbene
6, as yellow crystals, from 0.96 g (7.3 mmol) of morpholinoacet-
amide, 10 mmol of K,Cr(CO);, and 22 mmol of TMSCIL. This
material was identical in all respects with that previously de-
scribed.!?
Pentacarbonyl[(2-chlorophenyl)(diethylamino)carb-
ene]chromium (7). The above procedure was used to produce
1.33 g (49%) of carbene 7, as a yellow solid, from 1.48 g (7.0 mmol)
of N,N-diethyl-2-chlorobenzamide, 10 mmol of K,Cr(CO);, and
21 mmol of TMSCI; mp 86-88 °C dec. *H NMR (300 MHz): &
1.14 (t,J = 7.2 Hz, 8 H, CHy), 1.56 (t, J = 7.2 Hz, 3 H, CH,), 3.41
(q,J = 7.1 Hz, 2 H, NCH,), 4.25 (dq, J = 14.2, 7.0 Hz, 1 H, NCH),
4.48 (dq, J = 14.2,7.0 Hz, 1 H, NCH), 6.85 (dd, J = 1.4, 7.7 Hz,
1H, ArH), 7.12 (dt,J = 1.5, 7.7 Hz, 1 H, ArH), 7.32 (m, 2 H, ArH).
13C NMR (75 MHz): 6 13.8 (CHy), 14.0 (CHy), 49.1 (NCH,), 54.2
(NCH,), 121.9 (ArH), 123.4 (ArCl), 126.8 (ArH), 127.2 (ArH), 130.0
(ArH), 149.6 (Ar), 216.9 (cis CO), 223.7 (trans CO), 269.9 (Cr==C).
IR (film): » 2053, 1973, 1915 cm™.
Pentacarbonyl[(diethylamino)-3-furylcarbene]chromium
(8). The above procedure was used to produce 1.65 g (62%) of
carbene 8, as a yellow solid, from 1.29 g (7.7 mmol) of N,N-di-
ethyl-3-furancarboxamide, 10 mmol of K,Cr(CO);, and 23 mmol
of TMSCI; mp 45 °C. 'H NMR (300 MHz): § 1.17 (t,J = 7.2
Hz, 3 H, CHy), 1.50 (t, J = 7.2 Hz, 3 H, CH3), 3.57 (q, J = 7.1
Hz, 2 H, NCH,), 4.31 (q, J = 7.1 Hz, 2 H, NCH,), 6.15 (s, 1 H,
4-furyl H), 7.10 (s, 1 H, 5'-furyl H), 7.42 (s, 1 H, 2'-furyl H). 3C
NMR (75 MHz): § 14.4 (CH,), 15.0 (CHy), 48.7 (NCH,), 54.5
(NCH,), 106.5 (4’-furyl), 130.7 (5'-furyl), 137.6 (3’-furyl), 143.2
(2'-furyl), 217.3 (cis CO), 223.9 (trans CO), 266.7 (Cr=C). IR
(film): » 2053, 1907 cm™,
Pentacarbonyl[(diphenylamino)methylene]Jchromium (9).
The Vilsmeier salt was prepared as previously described? from
the formamide and 2 equiv of oxalyl chloride. Vilsmeier's salt
(2.5 g, 10 mmol) and 10 mmol of K,Cr(CO); gave 1.7 g (35%) of
carbene 9 as a yellow solid. This material was identical in all
respects with authentic material.®
Optimization of the Synthesis of Pentacarbonyl|2-
benzyl-2-azacyclohexylidene]Jchromium (10). The optimi-

(20) Hafner, A.; Hegedus, L. S.; deWeck, G.; Hawkins, B,; Détz, K. H.
J. Am. Chem. Soc. 1988, 110, 8413.

(21) Beckwith, A, L. J., Zabicky, J., Eds. The Chemistry of Amides;
Interscience: New York, 1970; pp 73-185.
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Figure 1. Normal plot of main effects (corrected).

Table IV. Full Factorial Design of the Four Influencing
Variables (Obtained from the Screening Experiments)

variable
Ar

response
T, % yield

- 49.4
- 45.0
- 57.9
35.8
43.5
44.9
60.9
42.8
41.2
38.6
49.9
31.6
36.8
50.9
55.9
52.7

>3
>

B R O A L
R R R A
B N
+++++ A+

zation procedure briefly discussed in the text was done in the
following manner. A first series of experiments (fractional factorial
design) was run with use of the combination of highs and lows
shown in Table II. The variables and the highs (+) and lows
(-) were as follows: concentration of chromium dianion (C), (+)
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Figure 2. Normal plot of the full factorial design on four variables (Ar, A, T}, T.) plus the addition of variable effects for C and Ty

that are not influencing the reaction.

0.3 M, (-) 0.1 M; temperature after addition of amide (A7), (+)
0 °C, (-) ~35 °C; time after addition of amide (4,), (+) 1!/, h,
(<) 1/, h; temperature after addition of TMSCI (Ty), (+) 25 °C,
() ~35 °C; time after addition of TMSCI (T), (+) 1}/, h, (=) 1/,
h; number of equivalents of TMSCI vs amide (T), (+) 4.0 equiv,
(-) 2.2 equiv. In all of these experiments a !/,-h time period was
used to equilibrate the reaction mixture when it was cooled to
=18 °C.

To obtain true values for the main effects of each variable
(separate from two-factor and three-factor interactions), a second
set of experiments was designed that would subtract the multi-
variable interactions from the first series of experiments. This
second series of experiments was established by the use of gen-
erators'® to complement the first set. This provided values for
the main effects of each of the variables without requiring the
running of a full factorial study for all six variables. These are
shown in Table III. The results of these two series of experiments
are displayed in the normal plot (Figure 1). In a normal plot,
the point clustered around 0.0 indicate that those points do not
influence the reaction, while points that deviate the most from
0.0 significantly influence the reaction. Two variables (C, T'p)

were shown to not influence the reaction, while the remaining
four had some influence (Ar, 4, Ty, and T,). A full factorial design
could be obtained by utilizing the results of the two series of
experiments already run for the four influencing variables. This
is shown in Table IV, and the normal plot (Figure 2) shows the
two-factor and three-factor interactions of these four variables.
The best yield of carbene at this point was 61%.

A third series of experiments was run with use of a steepest
ascent approach.'® The variable changes and results are shown
in Table V. The best yield was reproduced to obtain a 77-78%
yield of carbene 10. The optimized reaction sequence consisted
of adding 0.190 g (1.0 mmol) of 1-benzylpiperidin-2-one to a
precooled (-78 °C) solution of THF (3.5 mL) and 1.1 mmol of
K,Cr(CO)s, stirring for }/, h, warming to 17 °C for 1 h, cooling
to =78 °C for 1/, h, and then adding 0.4 mL (3.1 mmol) of TMSCI
and continued stirring for 1/, h at =78 °C. When the mixture was
warmed to 25 °C, 2.5 g of neutral Al,0; was added, followed by
removal of solvent under reduced pressure and chromatography
on silica gel to produce 0.25 g (78%) of carbene 5 as yellow crystals.
This material was identical in all respects with that previously
described.™
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Table V. Steepest Ascent Approach®

third

series run variable response
no. Apr,°C Ayh T,equiv T, °C Tyh % yield
1 +175 1 1.3 -78 0 45.9
2 -17.56 2 1.3 -78 0 23.2
3 +17.5 2 13 ~-18 0 41.0
4 +35 21/, 1.3 -78 0 37.0
5 +175 1 3.1 -35 1 63.3
6 +175 1 2.2 ~78 0 52.6
7 0 1Y, 2.2 -8 0 3.5
8 -1756 1 3.1 -78 0 7.7
9 -175 1 3.1 -78 0 72.1
10 +17.5 1 3.1 -78 0 717.1

¢C was equal to 0.3 M in all cases.

Pentacarbonyl[2-oxacyclopentylideneJchromium (11). To
a precooled (~78 °C) suspension of K,;Cr(CO); (56 mmol) in THF
(100 mL) under argon was added 4-chlorobutyryl chloride (0.705
g, 5 mmol) dropwise. The reaction was warmed to room tem-
perature slowly overnight. After the mixture was filtered through
Celite, the solvent was removed under reduced pressure, resulting
in a dark brown solid. Purification by column chromatography
(silica gel, 5% Et,O-hexane) yielded the desired carbene as a
yellow solid (0.710 g, 54%). This material was identical in all
respects with that previously described.!?

Pentacarbonyl[(dimethylamino)undecylcarbene]chro-
mium (12). N,N-Dimethylundecylamide (910 mg, 4.0 mmol) was
added to 48 mmol of K,Cr(CO); in 20 mL of THF at -78 °C, and
the resulting mixture was stirred at that temperature for 1.25 h,
warmed to 0 °C and stirred for 1 h, and cooled to -78 °C and
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stirred for 1.5 h. Trimethylsilyl chloride (12.0 mmol) was added,
and the mixture was stirred at —78 °C for an additional !/, h. After
the mixture was warmed to room temperature, addition of Al,Os,
removal of solvents, and column chromatography (silica gel; 1:1
hexane-CH,Cly), 1.19 g (74%) of complex 12 was obtained as a
pale green oil. 'H NMR (270 MHz): 6 0.88 (t,J = 7.0 Hz, 3 H,
CHj;), 1.19-1.24 (m, 18 H, CHy), 3.03 (t, J = 7.8 Hz, 2 H, =CCH),),
3.30 (s, 3 H, NCHj), 3.82 (s, 3 H, NCH,). 13C NMR (67.9 MHz):
6 14.0 (CHy), 22.7 (CHy), 24.8 (CH,), 29.3 (CH,), 29.5 (CH,), 29.8
(CHy), 31.9 (CHy), 41.8 (=CCHy), 52.8 (NCHj), 53.3 (NCHj), 218.0
(cis CO), 223.2 (trans CO), 277.8 (Cr==C). IR (film): » 2855, 2051,
1907 cml. MS (EI): m/z 403 (M*), 375 (M* - CO), 347 (M* -
2C0), 291 (M* - 4CQ), 263 (M* - 5CO).
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Reactions of the Cyanomethyl Complex
(n°-CsHs)Re(NO)(PPhy) (CH,CN) and Ylide Complex
[ (7°-CsHs)Re(NO)(PPh;) (CH,P(p-tol);) ] PFs~ with
n-BuLi/TMEDA: Generation, Stereospecific Alkylation, and
Basicity of Transition-Metal-Substituted Carbanions and Ylides
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Reaction of the cyanomethyl complex (1°-C;H;)Re(NO) (PPhy)(CH,CN) (2) with n-BuLi/TMEDA (THF,
-78 °C) and then CH;0SO,CF; stereospecifically gives (SR,RS)-(15-CsH;)Re(NO)(PPh,)(CH(CHg)CN)
((SR,RS)-4, 75%). Reaction of PPN*CN- and the ethylidene complex sc-[(#°-CsH;)Re(NO)(PPh;)(=
CHCHS)]"PFg’ (sc-8) gives the opposite diastereomer, (SS,RR)-4 (91%). The former reaction proceeds,
as assayed by *'P NMR spectroscopy and deuterium labeling, via the initial formation (ca. 2:1) of carbanions
Li*[{(»>-CsH;)Re(NO)(PPh;)(CHCN)]~ (5) and (n°-C;H,Li)Re(NO)(PPh;)(CH,CN) (6); 6 isomerizes to 5
thermally (=78 °C, 2.5 h) or upon addition of CH;080,CF;. Complex 5 is the first observable transi-
tion-metal-substituted carbanion (IR (em™): vcy 1980; vy 1597) and is also stereospecifically alkylated
by n-C,Hyl. Equilibration reactions show the C, acidity of 2 (THF) to be less than that of CH;CN and
comparable to that of CH;CH,CN. Reactions of (SR,RS)/(SS,RR)-4 and n-BuLi/TMEDA give only
cyclopentadienyl ligand lithiation. Reactions of the ylide complex [(#>-CsH;)Re(NO){(PPh,)(CH,P(p-
tol)5)1*PF¢” with n-BuLi/TMEDA (THF, -24 °C) and then CH;080,CF; (-78 °C) stereospecifically give
(SS,RR)-[(n>-CsHs)Re(NO)(PPhy)(CH(CH,)P(p-tol)s)1* PFs~ ((SS,RR)-16, 83%). This transformation
proceeds, as assayed by 3P NMR spectroscopy, via the ylide (n>-CsHs)Re(NO)(PPho)(CH=P(p-tol)s). An
authentic sample of (SS,RR)-16 is prepared from sc-8 and P(p-tol); (90%).

Organic reactive intermediates—e.g., carbanions, car-
bocations, radicals, carbenes—have been the focal point
of innumerable studies over many years. There has been
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a roughly parallel development of the chemistry of tran-
sition-metal alkyl complexes. Surprisingly, little attention
has been given to the generation of reactive intermediates
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